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Surface methods of electrical resistivity measurement 
are used to detect a layer of salt-polluted groundwater 
within a crystalline bedrock aqui£er- Fractu+ed, schistose 
bedrock overlain by a 15ft (4.6m) thickness of jointed till 
has been polluted by runoff from a storage facility for road 
salt in Little Compton, Rhode Island- Conductivity 
measurements in tvo bedrock monitoring wells on the site 
confirm the existence of highly mineralized groundwater in 
the bedrock aqui£er. Interpretations of· two vertical 
electrical sounding (VES) curves obtained slightly 
up-gradient topographically from the pollution source show 
that a 160-177ft (49-54m) thickness of bedrock is polluted 
while the entire thickness of till is relatively unpolluted. 
Interpretations of four other VES curves obtained slightly 
down-gradient from the pollution ~ource show that the tiil 
layer is polluted, but the polluted bedrock layer is 
undetectable.. Where the till is polluted, the till's bulk 
resistivity apparently is 
the effect of a polluted 
su£ficiently reduced to suppress 
suppression phenomenon 
resistivity methods in 
outlying areas where 
bedrock layer. While the 
.is a majer obstacle to the use of 
areas of surficial pollution, in 
high concentrations of mineralized 
groundwater have flowed more rapidly 
aquifer than through the surficial 
methods may be more efficient than 
through the bedrock 
aquifer. resistivity 
random drilling for 
iii 
The bulk resisti vi ties detecting bedrock pollution. 
interpreted for polluted bedrock 
published laboratory meas1,1rements 
compare favorably • with 
on rock samples,. A 
factor of 77 is used in calculated bedrock formation 
conjunction with Archie's 
measure of the pollution. 
horizontal profiling and 
law to obtain a quantitative 
Two other resistivity methods, 
AB rectangle mapping, did not 
provide conclusive evidence of bedrock pollution where the 
overlying till was also polluted. However, an AB recta~gle 
map over unpolluted till shows a resistivity contour pattern 
similar to the fracture orientation observed in local 
bedrock outcrops. With further research and the development 
of a computer program to perform the numerous cal.culations. 
the AB rectangle method could prove to be an effective 
method for the placement of bedrock monitoring wells~ 
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INT.RODUCTION 
Investigations of ground.rater pollution in Bhode Island 
and elsewhere are often limited to sur£icial aquifers in 
unconsolidated sediments. Perhaps equally, if not more, 
important at some sites is the flow of poll~tants through 
the underlying fractured bedrock aquifer.. Subsurface 
conditions can be such that polluted groundwater flows from 
the surficial aquifer into fractures'in the bedrock. If the 
fractures are suzficiently interconnected, the pollutants 
may travel at a faster rate and at higher concentrations 
through the fracture network than through the surficial 
aquifer~ Thus, pollution in a bedrock aquifer can be more 
of a threat than pollution in a surficial aquifer to wells 
that tap both. From an investigative viewpoint the flow of 
pollutants in a bedrock aquifer tends to be less predictable 
and more difficult to monitor than the flow of pollutants in 
a surficial aquifer. This is due t9 the irregular 
distribution of void spaces in fractured bedrock and the 
large scale at which permeability must be considered,. With 
a greater public awareness of the high suscep~ibility of 
bedrock wells to groundwater pollution will come a greater 
demand for methods to investigate this intriguing 
hydrogeologic problem. 
During the summer of 1982. the author and a co-worker 
initiated research into the flov of pollutants through 
fractured crysttlline bedrock (Kowalski and Sanders, 1983) .• 
2 
As a part of this research. some preliminary electrical 
resistivity measurements were made at the Rhode Island 
-
Department of Transportation State Garage in Littl,e Compton ... 
This facility in southeastern Rhode Island (figure 1} is the 
tovn•s storage site for road salt which is mixed with sand 
and used during the winter months for deicing roadways.. A 
report by Kelly and Urish {1981) noted significant amounts 
of dissolved salt were draining from the site and causing 
contamination of the groundwater- In conjunction with this 
report. two shallow bedrock monitoring wells (boreholes) 
were installed at the site, both of which have indicated 
sodium chloride pollution in the bedi;oc.k aqui.fer.. The 
resistivity measurements made in 1982 also suggested the 
presence of mineralized groundwater surrounding the site~ 
More resistivity measurements were made in April 1983. the 
results of which are pre$ented here-
Ml O 5 10 71°30' 
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RESISTIVITY METHOD FOR INVESTIGATING AQUIFER FOLLUTION 
·~ 
Introduction to the Resistivity Method 
No other physical property of earth materials can 
display a wider range of values than electrical resistivity 
(Van Nostrand and Cook, 1966; Zohdy et al, 1974),. Wit.hin 
the past century, a surface geophysical method has been 
developed that utilizes the variation in resistivity from 
one buried medium to another in order to prospect for ore 
deposits and fluid-bearing formati~ns. Tlds method, the 
resistivity method, has been applied to groundwater 
exploration since World War II (Breusse, 1963) and much has 
been published to document its validity ,. More recently, 
two versions of the resistivity method, horizontal profiling 
and vertical electrical sounding (YES), have been employed 
to locate and trace the movement of polluted groundwater 
from waste disposal sites (Warner, 1969; Stollar and Roux, 
1975; Ke.lly, 1976; U~ish, 1983),. 
Polluted groundwater from waste disposal sites, as well 
as from salt storage sites, commonly contains 
concentrations of ions in solution than the 
higher 
natural 
groundwater surrounding the site. This increases the 
electrolytic conduction of electrical current through the 
polluted groundwater.. A direct electrical current can be 
5 
conducted through a possibly contaminated subsurface through 
two el.ectrodes at the ground surf ace.. With a mea.sul;e of the 
current and of the potential difference between two 
additional. colinear electrodes, 
subsurface can be calculated.. 
the resistivity of the 
If it can be determined that 
lateral inhomogeneities in the subsurface matrix material 
are not causing the variations in resistivity from one 
measuring point to another {Klefstad et al, 1975). the 
variations in resistivity can he ascr~bed to effects of 
groundwater pollution. Therefore, a low resistivity vaiue 
at a measuring point implies that the subsurface below that 
point contains high conductivity polluted groundwater. In 
this way areas of groundwater pollution can be delineated by 
horizontal profiling or by another method to be introduced. 
namely the AB rectangle method~ Depths and layers of 
pollution can be interpreted from vertical el.ectrical 
soundings .. 
Two of the most commonly used electrode configurations 
are the Wenner array (figure 2a) and the Schluaberger array 
{figure 2b) .. For both. configurations, the outer two 
electro_des (A and B) deliver t.he current while t.he inner two 
electrodes (Mand N) measure the potential difference. The 
difference between the two configurations is their spacing 
between potential electrodes,. For the Wenne~ array, the 
separation between all four electrodes is equal and is 
referred to as the a-spacing,. For the Schlumberger array. 
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Figure 2. Electrode configurations for resistivity measurements 
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times greater than 
Since the distance 
the potential electrode separation-
between potential electrodes in the 
Schlumberger array is -smaller than for the Wenner array at 
the same current electrode separation, the potential 
difference (voltage drop) for the same current is also 
smaller. This is usually cited as a 
Schlumberger array because a smaller 
measured less precisely than a larger 
disadvantage of the 
value is sometimes 
one .. However, t.he 
smaller distance over which the voltage gradient is measured 
tends to diminish effects from lateral inhomogeneities which 
is seen as an advantage of the Schlumberger array.. The 
disadvantage of measuring smaller voltages is overcome by 
the higher precision of modern measuring instruaents. 
Most subsurfaces consist of more than one geoelectric 
layer. A boundary between two geoelectric layers is defined 
by a change in bulk resistivity, which. ts the combined 
resistive effeGt of the rock aatri.x and the material that 
fills the void spaces. A change in bulk resistivity, 
therefore. may be caused by a change in the shape and 
distribution of the void _spaces in the rock matrix. This 
would likely result from a difference in lithology between 
the twQ geoelectric layers.. A change in bulk resistivity 
may also be caused by a change in the saturation of the void 
spaces or in the quality o:f the water in the void spaces,. 
Note, however, that the difference in bulk resistivity 
between two layers is seldom attributable to a change in the 
resistivity of the rock mairix itself. In effect, the bulk 
8 
resistivity of a satucated layer is .controlled by the 
distribution and the quality of the water occupying.the void 
spaces (Zohdy et al* 1974). 
The bulk resistivity of a geoelectric layer is 
sometimes referred to as the true resistivity of a layer or 
simply as the layer resistivity (Bi). When a resistivity 
measurement is taken, the resistivity value that is 
ca1culated is actually a weighted average of the true 
resistivities of each geoelectric layer that the current 
·encounters. A resistivity value calculated from 
measurements at the ground surface is therefore properly 
termed an apparent resistivity (Ba),. 
The general formula for calculating the apparent 
resistivity in ohm-feet {or ohm-meters) of a horizontally 
layered subsurface is 
Ha= KV/ I {1) 
where the geometric factor (K) is measured in feet (or 
meters), the potential difference (V) is measured in 
millivolts, and the direct current is measured in 
milliamperes. Referring to figure 24 the apparent 
resistivity for- the Wenner array is calculated for each 
measurement by 
Ra = (6 .. 28 V / I) a .. (2) 




Ba= {3,.14 V / I) (AB-/ 2)-- ..... {MN-/2} - -.. (3) 
MN 
The .value of apparent t"esistivity is usua.l.ly assig.ned to t.he 
geometric center of the electrode con.figuration,. 
Horizontal Profiles 
Latera.l variations in apparent resistivity can be 
detected using the horizontal profiling method. If two or 
more horizontal profiles are performed parallel to each 
other, a map of the areal. variation in apparent resistivity 
can be preparedM In horizontal profiling the equal spacing 
between all £our electrodes of the Wenner array (a-spacing) 
is kept constant as the who.le array is displaced for each 
measurement.. In practice when all the electrodes are of the 
same type, only the trailing electrode needs to .be 
"leap-frogged" to the forward position as the array is moved 
down a line. Of course, the cab.le connections must be 
shifted accordingly for each measurement so that the current 
will be passing through the correct electrodes~ In this way 
the apparent resistivity at the center point of each array 
position can be calculated by equation 2. 
If other lateral inhomogeneities in the s~bsurface are 
insignificant, the lateral inhomogenetiy produced by the 
/ 
10 
variation in groundwater resistivity due.to pollution vill 
cause the variation of apparent resistivity along the 
profile.. For a single horizontal profile, the distance of 
each center point from the original center point is plotted 
versus the corresponding apparent resistivity on a graph. 
For several paraliel profi1es, each apparent resistivity is 
plotted on a map of the area at the location of the center 
point. Contour l.ines are drawn connecting points 0£ equal 
resistivity.. Positions of lower resistivity on either the 
graph or the map indicate zones of more-mineralized 
groundwater. 
Zohdy et al (1974) recommend that at least tvo 
different a-spacings should be used in making horizontal 
profiles~ Preferably, the values for the constant 
a-spacings are obtained from vertical electrical soundings 
along the profile line. Several a-spacings are chosen on 
the basis 0£ the current electrode separ~tion needed to 
penetrate a desired depth. (Kowalski and Sanders, 1983) ,. In 
an ideal laterally hoaogeneous subsur£ace, a certain 
a-spacing will yield apparent resistivity values £rom a 
const~nt depth, or more precisely a constant range of depths 
that optimally contributes to the apparent resistivity 
measured. However, at pollution sites the very 
inhomogeneity that is to be measured - the lateral variation 
of groundwater resistivity - will cause a change in the 
depth range that is contributing~ It therefore can be· 
stated that the greater the variation of apparent 
resistivity is along 












horizontal profiling is generally a q~al~tative method from 
which only trends in the pollution pattern can be discerned .. 
Vertical Electrieal Soundings 
General procedure 
Vertical electrical soundings are performed over a 
stationary center point by systematically increasing the 
distance between current e.lectrodes along a line,. Apparent 
resistivity measurements are taken at successive logarithmic 
intervals of current electrode separation. T.his results in 
a depth investigation from ~hich the various geoelectric 
layer thicknesses and resistivities can be modeled. The 
basis for VES interpretation is that as the curreDt 
electrode separation is increased. the probing depth will be 
greater. Zohdy et ·al (1974) point out that the increased 
probing depth is actually caused by the increased distance 
between current and potential electrodes. 
The Schlumberger array is most frequently used for 
performing vertical electrical soundings.. As the current 
electrodes are moved outward it is not necessary to move the 
potential electrodes until their spacing is 1/20 to 1/50 the 
12 
spacing of the current electrodes (Koetoed, 1979)~ T.his 
assumes that somewhere between these electrode ratios, the 
potential dil£erence will become so small that it can no 
longer be measured due to the resolution of the measuring 
instrument (voltmeter). Also, natural variations in the 
electrical field of the subsurface may produce noise that 
can inter.fere with t.he precise measurement of low voltages,. 
When this happens t.he potential electrodes can be di~placed 
oµtward from the center point so that measurements of larger 
values can be made. Measurements are made at both the old 
and t.he new potential elect~ode spacings w.hil~ the current 
electrode spacing is kept constant. This allows for the 
adjustment of successive measurements if necessary during 
the interpretation process. 
The various 






for eac.h current 
electrode interval of a VES on a bilogarithmic graph- The 
half-electrode separation (AB/2) is measured along the 
abscissa while the apparent resistivity is measured along 
the ordinate,. The plot of all t.he apparent resistiv.ities 
yields as YES curve with ~ne or more maxima and/or minima 
from which the subsurface geoelectric layering can be 
interpreted .. 
Figure 3 shows generalized graphs of the two types of 
curves encountered at Litt.le Compton. The portions of the 
tvo curves denoted by the number 1 asymptotically approach 
to the left apparent resistivity and AB/2 values that are 
2 
Ra 
a. KH-type VES Curve 
Ra 





Figure 3. Generalized graphs of VES curves 
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respectively the first layer bulk resistivity and thickness . 
. 
The curve reaches a local maximum at number 2 in figure 3a 
because layer 2 has a highe~ bulk resistivity than layer 1~ 
Likewise in figure 3b a minimum is reached at number 2 
because layer 2, in this case, has a lover bulk resistiviy 
than layer 1.. Figure 3a shows a third layer of finite 
resistivity and thickness as indicated by the minimum at 
number 3. It can be seen from figure 3a that the bulk 
resistivities of layers 2 and 4 (B2 and B4) are higher than 
those of layers 1 and 3 (R 1 and R3) .. When 
Rl < R2 > R3 < R4, the curve is called a KH-type curve. 
When R1 > R2 < R3. the curve is called an H-type c~ve 
(figure 3b). Both curves eventually rise at an angle of 45° · 
meaning a layer of relatively infinite resistivity has been 
reached (number 4 on figure 3a, number 3 on figure 3b) .. In 
most resistivity interpretations this nonconductive layer is 
identified as bedrock and the sum of the thicknesses above 
it are considered to be the depth to the bedrock surface .. 
Exceptions to this interpretation a.re of importance later .. 
The general procedure for detecting aquifer pollution 
from a Schlumberger VES curve is outlined below and is 
discussed further in the paragraphs that follow,. 
Step 1: Apparent resistivities (Ba) are c~lculated from 
measured values of current, potential difference, and 
electrode spacings using equation 3 above~ A plot of 
Ba versus AB/2 on logarithmic scales comprises a VES 
field curve .. 
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Step 2: A geoelectric model of layer thicknesses and layer 
resistivities that correlates vith the observed curve 
and any known depths to geologic/ hydrogeologic layers 
is obtained through curve-matching and computer 
analysis- The theoretical curve generated by this 
model is based on a horizontally layered subsurface~ 
Subsequently. a uniform value of thickness and bulk 
resistivity is assigned to each laye~ in order t9 
approximate the actual subsurface situation,. 
Step 3: From the geoelectric models obtained by steps 1 and 
2 for each field curve at the polluted site. the layer 
.tha t represents the polluted aquifer of interest is 
identified. The range.of practically equivalent values 
of bulk resistivity and thickness for the chosen layer 
in each geoelectric model is determined 
published nomogram. 
Step 4: Since the hulk resistivity of a layer is 
f~om a 
dependent 
on the structure of the rock matrix and the amount and 
quality of the saturating groundwater~ relatiqnships 
can be used. to estimate unknown values from known 
values.. The ratio of bulk resistivity to groundwater 
resistivity, called the formation factor (equation 4 
below), has been shown empirically to be nearly 
constant for a layer with both a highly-mineralized 
saturating fluid and a homogeneous rQCk matrix.. The 
formation factor is related to porosity and to two rock 
matrix factors by an empirical formula known as 
16 
Archie's law (equation 6 below). If a meas~re 0£ the 
groundwater conductivity from a borehole near a VES 
center point is available, the aodeled layer 
resistivity can be used to calculate the formation 
factor. With this number, the groundwater conductivity 
(inverse resistivity) can be. estimated at other VES 
locations by substituting their respective modeled 
layer resistivities into Ue equation. From the 
derived variations in groundwater conductivity, 
qualitative assessments can be made of the degree of 
pollution at eac.h VES location.. Quantitative 
assessments can be made if a condactivity 0£ the 
natural groundwater is known or i£ the temperature of 
the groundwater is measured and used to approximate 
salinities from published nomograms. With a known 
formation factor value and a suitable expression of 
Archie's law, the total porosity of the layer of 
interest can be estimated~ The porosity value can then 
be used to calculate a rough estimate of the rate of 
po1lution movement thro~gh the layer (equation 7 
below). 
17 
VES curve interpretation and nonuniqueness 
VES curves are first interpreted using two-layer master 
curves a11d auxiliary point diagrams.. Published 
master-curves are Yidely available and the curve matching 
procedure is described in many resistivity _texts (Keller and 
Frischknecht, 1966; Bhattacharya and Patra, 1968). Once a 
preliainary geoelectric model is developed for a VES curve, 
it can be slightly modified to correspond to 'known depths 
from a borehole by adjusting the layer thicknesses .. When a 
layer thickness of an H-type curve model is increased or 
decreased, the layer resistivity must be increased or 
decreased accordingly to insure the ratio of thickness to 
resistivity, which is called the longitudinal conductance 
(S), stays constant. The total longitudinal conductance or 
the sum of S for all the finite resistivity layers controls 
the position of the 45° line at the end of certain curves 
including all the curves from Little Compton. Tot~l scan 
be quickly calculated by dividing any AB/2 value of a point 
on the 45° line by its corresponding apparent resistivity 
~l~-
The task of modifying layer thicknesses and· 
resistivities to produce a curve that closely fits the 
measured points has been made easier within the past few 
years by the accessibility of computers A computer 
program from Koefoed (1979) that uses the linear filter 
method generated points on the Little Compton curves for 
18 
each geoelectric model that vas tried~ Modifications of the 
preliminary curve-matching m~del were entered into th.e 
program on a desk-top computer. By keeping s nearly 
constant. assuring that the 45° line does not shift from 
where it should be on the curve, and by forcing the know~ 
thicknesses from the borehole (depth to stacic water level, 
depth to bedrock) into various geoelectric models, cllL've 
points were generated until the best fit of a theoretical 
curve to the observed curve was obtained. 
Whether a theoretical curve appears to fit the observed 
data or not is somewhat subjective.. Quantitatively, if it 
is assumed that the maximum error in making the field 
measurements is+ 5% (Bhattacharya and Patra. 1968), it is 
possible to have significantly different model 
interpretations yield curves that appear to be practically 
coincident to the observed curve or, in other words, with.in 
5% above and below the observed curve. The coincidence of 
curves is explained by the principle of equivalence. Two 
geoelectric models are said to be practically equivalent if 
their curves appear to practically coincide (Zohdy et al, 
1974)~ There are limiting values for the second layer 
thickness and resistivity beyond which the principle of 
equivalence is no longer valid,. Bhattacharya and Patra 
(1968) present Pylaev•s nomograms for determining these 
limits. 
There are several reasons vhy some best-fitted 
theoretical curves maJ vary from the observed by more than 
19 
the 5% attributable to field measurement error .. Latera.l 
inhomogeneities in the subsurface encountered by the current 
as the current electrode spacing is expanded may cause humps 
or dips that cannot be fitted with simple tlu:ee or 
four-layer curves. ·~ An example would be a local 
concentration of large boulders in a layer of till avay from 
the center point of a VES which is on.ly encountered at large 
AB/2. A more likely inhomogeneity in a polluted subsurface. 
however, would be a lateral change .iil the groundwater 
resistivity along a VES line. Since a plume of ~ollution 
tends to elongate in the direction of groundwater flow. a 
YES line centered over the plume and oriented perpendicular 
to the elongation may overrun the plume at large AB/2 
(figure 4a) ,. This could cause a narrow plume at depth to be 
undetectable as a minimum on the observed curve. However. a 
plume that has a large width relative to depth (figure 4bj 
will probably show a minimum on the curve even though an 
anomalous rise in the curve may appear espe~ially on the 
larger AB/2 side of the minimum. While interpreting such a 
case, it is more practical to simply igno~e the anomaly and 
fit the theoretical curve as if the obse+ved curve were 
smooth. rather than try to add a nonexistant laye~ or layers 
to make a closer fit. 
In considering the effect of overrunning a pollution 
plume. it should be noted that the pollution zone is not 
likely to end abruptly. but rather gradually decrease in 
concentration over some distance.. If the zone of transition 
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Figure 4. VES oriented perpendicular to the elongation of a plume 
between low resistivity 
resistivity unpolluted 
especially beneath the 
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polluted groundwater and higher 
groundwater is large enough 
plume, it can be modeled as one or 
more homogeneous layers of intermediate resistivity (Unz, 
1968)~ At the margin of a plume the contact between a 
polluted layer and an unpolluted layer may dip away from the 
pollution source. However, Unz (1953) states contacts that 
dip at an angle of less than 10° may be modeled simply as a 
horizontal case. 
Another reason for the lack of a close fit between a 
theoretical curve and a portion of an observed curve may be 
that the layering of the model has been oversimplified, 
meaning that one or more layers would have to be added 
before a better fit could be obtained. A complicated 
layering. however, further complicates the correlation of a 
geoelectric model with other geoe1ectric mode+s in the 
vicinity.. ii thout having a more detailed geologic section, 
it would be desirable to keep the interpretations 
generalized because of the equivalence problem. In other 
words, unless more layer thicknesses or resistivities are 
known, any interpretation that is developed for a 
complicated layering may be nonunigue,. Practically 
equivalent models could be produced aud no evidence ~ould be 
available to reject any of them. 
With this in mind, however, there may be subsurface 
information available that would support the addition of a 
layer to a geoelectric model which would produce a 
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practically coincident curve. The principle of suppression 
explains why a layer may not influence the shape 0£ a curve 
even though it has a distinct contrast in resistivity from 
its neighboring layers. For example, if Bl< B2 < BJ, layer 
2 may happen to have a thickness and a resistivity that 
causes it to be masked by the thicknesses and resistivities 
of the overlying layers,. As wi.11 be seen later, t.his 
nonunigueness problem is relevant to the Little Compton 
site .. 
Formation factor and Archiei•s law 
The formation factor (F} of a layer is defined by the 
equation 
F =Bi/ Bv ( 4) 
where Ri is the bul.k resisUvity of the layer and Bv is the 
resistivity of the saturating groundwater.. After 
considering problems of nonunigueness, a value for bull 
resistivity is obtained from the model of a YES curve 
performed near a borehole while a value for groundwater 
resistivity is obtained froa water in the borehole- A 
groundwater sample that is presumably representative of the 
groundwater that saturates the layer is bailed or pumped• 
from the borehole,. The specific conductance of the water 












equivalent to the inverse of resistivity. Since specific 
conductance (SC) is the common measure of the electrolytic 
conduc-ti vity of a solution and .is measured i.n m.icromhos / cm 
by most instruments, it can also be expressed as a 
resistivity in ohm-feet by the equation 
Rv {ohm-ft) = 32,800 / SC (micxomhos/cm) . {5) 
The s·pecific conductance of an extracted water sample 
vill closely approximate the true conductivity of the water 
in the aquifer if the water is highly lrinel;aiized (Keller 
and Frischknecht, 1966)~ Thus, for a polluted layer with a 
consistent rock matrix and void space geometry, the 
formation factor remains constant even if the degree of 
pollution changes the groundwater resistivity and the bull 
resistivity,. An exception to this statement is where the 
groundwater becomes relatively uncontaminated and dilute. 
In such cases the groundwater resistivity calctlated from 
the spectiic conductance aeasurelllent of an extr-a.cted sample 
may be higher than the true groundwater resistivity. This 
is due to the in situ effects of two phenomena: surface 
conductance and ionization of clay minerals .. 
Briefly, surface conductance occurs vhen several layers 
of water molecules become adsorbed to the sur£aces of 
silicate minerals in the rock matrix (Keller, 1967). This 
would cause only a slight increase .in the resistivity of 
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highly-mineralized groundwater due to the higher viscQsity 
at the surfaces reducing ion mobility. More important. 
however. is the decrease in resistivity of ~elatively pure 
groundwater by proton transfer bet¥een water molecules in 
the adsorbed layer. Keller comments that both of these 
effects are more pronoJl,Ilced in fine-grained rocks as i~ also 
the effect of ionization of clay minerals,. This phenome.non 
occurs when exchangeable ions are des9rbed fro■ clay 
minerals in the rock matrix in a process resembling 
ionization. The resistivity of the groundwater is decreased 
by the higher concentration of ions available for 
electrolytic conduction,. Once again, sUL"face conductance 
and ionization of clay minerals only present a problem in 
the measurement of specific conductance in an extracted 
dilute ground~ater sample-
once a formation factor is derived for a layer. it can 
be used to calculate groundwater resistivites, and thus 
specific conductances, at other VES sites from their modeled 
layer resistivities. At this point a qualitative assessment 
of the degree of pollution can be made at each VES center 
point. The assessment can be made more quantitative if a 
specific conductance value for unpolluted natural 
groundwater in the area is known. By knowing the 
temperatur.e of the groundva 1;.er when the specific conductance 
measurement was made, the approximate salinity of the 
groundwater at each VES location can be obtained from 
published nomograms (Keys and Maccary. 1971). 
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As was previously stated, there is a dependence of hulk 
resistivity in a saturated .layer not only on the resistivity 
of the groundwater in the void spaces. but on the volume and 
distribution of the void spaces themselves. This dependence 
is expressed in the following empirical fQrmula known as 
Archie's law (Archie, 1942): 
/ 
-m 
F = Ri / Rv =An (6) 
where n is the total porosity (decimal form) of a layer .. 
The value of mis a function of the void space geometry and 
is sometimes referred to as the cementation factor,.. It is 
determined by mating a number of measurements on tie same 
material of known porosity saturated w~th vatec of different 
resistivity .. ordinarily, this is not practical and a 
published value for a similar materia.l can be substituted ... 
Sometimes the value of A in equation 6 is estimated to be 
unity. Archie's lav was developed for the petroleum 
industry to relate borehole resistivity measurements to 
sandstone and limestone porosities of 5 to 25 percent.. More 
recently. Archie's lav has been applied to fractured media. 
as will be seen.later. 
Using the derived formation factor and Archie's lav, 
the porosity of the l,.ayer can be determined.. The porosity 
value (n) is used to calculate the average 1inear ve1ocity 
(v) at which pollutants are flowing in the layer by the 
equation 
26 
v = (- K / n) dh/dl. (7) 
K* in ·this case. is known as hydraulic conductivity which is 
a term that embraces not only the permeability of the rock 
matrix. but also the properties of the polluted groundwater 
(Freeze and Cherry, 1979) ,. The ratio dh/dl is called the 
hydraulic gradient and can be derived from measu.cement of 
the static water level elevations in 
boreholes .. 
AB Rectangles 
three or more 
The AB rectangle method is a refined version of 
horizontal profiling in that a map 0£ the areal variations 
of apparent resistivity can be produced~ Although the 
method is described by Kunetz (1966) and mentioned by Zohdy 
et al (1974), its use is not widespread~ It is included 
here because it is a potentially val.ueable technique for the 
detailed investigation of conductive pollution in fractured 
rock .. 
Unlike horizontal profiling# the AB rectangle method is 
performed using the Schlumberger array. Unlike a VES, the 
potential electrodes do not always remain colinear with or 
centered .between the current electrodes,. Instead. the 
current electrodes. A and B, are kept stationary while the 
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potential electrodes. a and N, are aoved about the center 
point of the array in a grid pattern. The potential 
electrodes are kept in the middle third of the distance from 
A to Band vithin a lateral distance of AB/4 on either side 
of the line AB. hence a rectangle,. The separation between M 
and N is held constant and their orientation is kept 
parallel to AB. 
When calculating apparent resistivities. the geoaetric 
factor, K, must be calculated separately for each position 
of MH. K is derived by using the geometry and equations 
described in figure Sa and the general equation 
K = 6 .• ~8 / ( (1/AM)-(1/Bl!)-(1/AN)+(1/BB)] .• (8) 
A short program that will calculate the K value for any 
values of AB/2, MN. I, and Y was developed during the 
present investigation-
A-
The program is included in Appendix 
As with horizontal profiling, it is necessary to 
perform a VEs. preferably where the center point of the AB 
rectangle will be. The resulting field curve is evaluated 
to determine what AB/2 values will cause an optimum 
contribution by the desired layer. Several AB/2 values are 
chosen so that apparent resistivity variations for moce tlian 
one depth can be mapped~ The approximate depth of 
investigation for each AB rectangle map is estimated from a 
geoelectrical model of the VES curve_ It should be noted 
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Figure 5. AB Rectangle calculations 
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AB rectangle; it is least at the center and greatest at the 
edges away from the line AB. However, the influence of 
lateral inhomogeneities that affect the depth determination 
in horizontal profiling is more subdued in the AB rectangle 
method because of the smaller area in which measurements are 
taken. 
once the observed apparent resistivity distribution is 
obtained for each depth being mapped, the variation in the 
expected apparent resistivities inherent in the AB rectangle 
method must be derived~ The geoelectric model for the 
interpreted VES curve is entered into the computer progra~ 
-
for calculating theoretical curves. The distance bet~een 
the till center point and t.he closest current e-lectrode (B in 
figure Sb) is entered as an AB/2 value into the program~ 
The program is then instructed to calculate the 
corresponding apparent resistivity value that occurs on the 
theoretical curve. Assuming that the subsur£ace layering is 
nearly horizontal and the geoelectric model is accurate, the 
resistivity.values calculated in this way for each HH 
location constitute the 
distribution. 
expected apparent resistivity 
For the purpose of investigating groundwater pollution, 
the disparity het~een the observed apparent resistivity 
distribution and the expected apparent resistivity 
distribuilon is of greatest importance. one vay to analyze 
the disparity is to simply subtract the expected value from 
the observed value at each MH position. The- resulting 
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difference can be termed a residual apparent resistivity,. 
The residual values can then be normalized by subtracting 
from each the residual apparent resistivity value at the 
center point of the AB rectangle. This arbitrarily assig~s 
the center point a value of zero in order to standardize all 
the maps at different depths~. At this point. contours of 
equal values can be drawn easily- Areas of low or negative 
values. therefore, represent areas of lower-than-expected 
apparent resistivity which can be .interpreted accordingly .. 
It will he seen later how it may be possible to trace 
fractures in bedrock using this technique. 
The development of the AB rectangle method has been 
hindered· in the past bf the number of time-consuming 
calculations that had to be 11ade by hand,. However• with the 
recent accessibility of calculators and com~uters. this 
method may in the near future be recognized as a feasible 
method for detailed resistivity mapping especially of 
polluted subsurfaces. With further research an aucomatic 
interpretive computer program 
facilitate its use. 
could be developed to 
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HYDROGEOLOGY OF FRACTUBED CBYSTALLINE BEDROCK 
Crystalline Bedrock as an Aquifer 
The igneous and metamorphic rocks that comprise 
crystalline bedrock are considered to be impermeable in the 
context of many groundwater problems,. In such cases the 
overlying aquifers of consolidated and unconsolidated 
sediments possess hydraulic properties that are many times 
greater than those of the crystalline bedrock (Freeze and 
Cherry. 1979). Therefore, when compared to sedimentary 
aquifers. bedrock is relatively impermeable.. However, by 
virtue of the fractures it may contain, crystalline bedrock 
can have important hydraulic properties of its own. 
To be considered an aquifer. crystalline bedrock m~st 
be able to transmit water and bear it in usable quantities .. 
This condition is generally satisfied when fractures in the 
rock intersect each other to form a network of channels 
through. which water can flow.,. Since most of the bedrock tn 
New England is crystailine and not sedimentary. references 
to the bedrock aquifer usually imply a fractured crystalline 
bedrock aquifer. 
Fractured crystaliine bedrock aquifers differ from 
:fractured sedimentary bedrock aquifers in that the host rock 
itself is relatively non-porous. A fractured-sandstone 
aquifer. for example, behaves differently hydrologically 
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than a fractured-granite aquifer. The rock between the 
fractures in a granite aquifer is practically solid vhile a 
moderately cemented sandstone matrix may contain at least as 
much water as the fractures. It will be shown later that 
... 
some crystalline rocks such as schists and slates can have 
an appreciable intergranular porosity ... Thus, even 
appai:-ently solid crystalline ~ock can be considered somewhat 
porous. In general, however, crystalline bedrock is 
considered to be a fractured non-porous medium-
Fracture Types and Their Relation to Groundwater 
Fractures ranging from visible to microscopic occur in 
nearly all crystalline rocks (Spencer, 1977). They are 
planar to curviplanar surfaces a.long which the rock has lost 
cohesion,. A visible (large-scale) fracture where there 1las 
been n9 displacement other than the movement normal to the 
fracture surface which causes the crack is termed a joint. 
ffhere the loss of cohesion results in the lateral, vertical, 
or oblique displacement of the fracture surfaces, a fault_ is 
produced .. Joints and faults often occur as sets of 
subparallel fractures and may extend for large distances .. 
Frequently more than one joint set is apparent in a 
particul.ar crysta.lline rock,. This leads to the fortunate 
inevitability that the fractures will intersect, t.hu-s 
increasing the rock's effectiveness as a conductor of 
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groundwater,. Faults, meanw.hile, generally occur as a zone 
of faults and fractures which contains much .broken rock .. 
The development of joints and faults is associated with the 
creation and relief of tectonic stresses in the earth ... 
Sheeting is a type of fractu+e that most often occurs 
in shallow igneous intrusive bodies such as granite plutons. 
These large-scale fractures are generally parallel to the 
topography· and conform to the shape of the -top Qf tie pluton 
(Spencer, 1977). It is thought that sheeting results from 
the release of pressure caused by erosion of the over.burden. 
Sheeting fractures are effective in the lateral transport of 
groundwater-
Horizontal sheeting fractures are closely spaced near 
the surface. but become more widely spaced at depth~ They 
are probably nonexistant several hundred feet .below the 
surface (Davis and De Wiest, 1966). The more-vertical 
joints ar~ reported by Cushman et al (1953) to be spaced 
usually 5 to 10 feet apart, but joint spacings may vary from 
less that an inch to several hundred feet. Their number 
decreases with depth owing to increased pressures which tend 
to close fractures. Some faults or fault zones are assumed 
to extend to the focii of earthquakes several miles beneath 
the surface~ However, most faults probably terminate before 
such depths are reached. It can be concluded that most 
large-scale fractures occur within the upper 300 feet of the 
subsurface .. 
Many of the microscopic fractures are simply cracks 
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between mineral grains in igneous and metamorphic rocks. In 
plutonic rocks small-scale cracks can form along 
compositional layers or flow structures as a result of the 
contraction of the magma as it cools. Slaty cleavage and 
schistosity occur in metamorphic rocks when platy minerals 
such as mica and ellipsoidal grains of quartz and feldspar 
are aligned nearly parallel during recrystallizatioa. 
Schistosity generally involves 1arger mineral grains than 
slaty cleavage_ Small-scale cra~ks in metamorphic rocks can 
also occur as a result of fracture cleavage,. Fracture 
cleavage differs from slaty cleavage and schistosity in that 
the cracks are not parallel to the alignment of the grains. 
According to Hobbs et al (1976), fracture cleavage can be 
"closely spaced microfaults o.r fractures" indicating at 
least slight displacement whereas Billings (1972) refers to 
fracture cleavage as closely spaced joints indicating no 
displacement .. Whatever the origin of the small-scale 
cracks, these fractures can contribute to the total porosity 
of a crystalline rock. 
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Porosities of Crystalline Bedrock Aquifers 
Normally. the various types of porosity in an aquifer 
are classified as either primary or secondary depending on 
their origin (Heath and Trainer, 1981) ,. Pore spaces 
developed du.ring formation of the rock constitute the 
primary porosity• while voids formed later as by fracturing 
are considered secondary porosity. Some authors (Freeze and 
Cherry, 1979; Fetter, 1980) try to avoid genetic 
• definitions of primary and secondary porosities.. They 
simply state that primary porosity is the volume of the void 
spaces within the (sedimentary) rock matrii and secondary 
porosity is the volume of the fractures,. Con.fusion arises_, 
however, when crystalline rock is considered since the v9id 
spaces within the rock matrix are usually themseives a 
result of fracturing. Therefore, when referring to types of 
porosity in crystalline rock, it seems appropriate to adopt 
the terms intergranular porosity for the rock matrix v.oids 
and joint porosity for the other fractures after Kel.1er and 
Frischknecht (1966) . 
Keller and Frischknecht give normal ranges of the two 
kinds of porosity found in crystal.line .rock,. They list the 
intergranular porosity of lov-rank metamorphics as 1-8 
percent of the total volume of the rock and 0-10 percent for 
Paleozoic and younger igneous rocks. Joi~t porosity ranges 
from 0-2 percent for both rock types.. Cushman et al ( 1953) 
add that most crystal.line rock in New Engl.and contains less 
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than 1 percent total porosity-
The width of fracturesµ crystalline rock affects the 
volume of water that can be stored and potentially 
transported.. Fractures are generally less than 1/25 inch 
(1mm) wide (Freeze and Cherry, 1979) though they may 
certainly have a greater width (Davis, 1969). The width of 
the fractures that comprise intergranular porosity may be 
miniscule.. Thus from the vie~point of well yields, the 
volume of water derived from intergranular porosity is 
insignificant compared to the volWRe of water obtained by 
joint porosity,. However, from the viewpoint of · the 
electrica.l resistivity of saturated crystalline rock, the 
water within the intergranular pore structures can be of 
greater significance, as will be seen later-
Another factor that affects the porosity (and the 
resistivity) of fractured crystalline rock is the geological 
phenomenon of weathering,. Of the two types of weathering, 
chemical and mechanical, chemical weathering is primarily 
responsible for the enlargement of fractures in buried 
bedrock,. It results in the decomposition of certain 
minerals that may be exposed along the fracture surfaces. 
Elements of a mineral may be leached and ca+ried away in 
solution by the groundwater- Davis (1969) gives a 
hypothetical example of a pure quartz rock yielding 
dissolved silica causing 
over a long period of 
fracture width increases 
the increased width of a fracture 
time. The extent ~o ~~ich the 
is determined in part by t.he 
/ 
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residence time of groundwater in the fractures .. If the 
residence time is long, the groundwater will approach 
saturation with the leached element and the widening precess 
will be slowed .. 
Elements are put into solution by another process of 
chemical weathering called .hydrolysis,. Exposure to 
groundwater can hydrate a mineral- Molecules 0£ water are 
exchanged vith elements in the •ineral which are in turn put 
into solution and carried away by t.he groundwater .. As a 
result, the composition and structure is modified and a ne~ 
mineral is formed. An example is when a feldspar such as 
orthoclase is altered to a clay mineral such as kaolinite. 
Besides adding dissolved elements which slow the leaching 
process of fracture widening, fracture widths can be 
decreased by the expanded structures of the clays as a 
result of hydrolysis (Zumberge and Nelson. 1976)-
Also counteracting the widening of £ractures and the 
creation of new fractures by leaching is the coating of 
fracture surfaces with insoluble metallic oxides. These 
tend to clog the smaller fractures (Davis, 1969) and 
insula t.e the minerals from further leaching,. Such stains 
can be seen on fracture surfaces in bedrock cores from ~ater 
wells. 
Mechanical weathering does not occur at present in 
bedrock at depth.. certainly, fractures in bedrock outcrops 
currently exposed to the atmosphere at the surface are 
·enlarged by mechanisms such as root growth and freeze-thaw 
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action.. Mechanical weathering may. however, have occurred 
in bed.rock that is now buried by glacial drift during the 
time when the continental glacier or glaciers that covered 
Nev England existed.. The eitent of mechanical weathering in 
the bedrock of Southern New England during the Pleistocene 
is disputed (Feininger, 1971) and will be discussed further 
in the section on the geology of the Little Compton site,. 
Pollutant Flow in crystalline BedrQCk Aquifers 
Most of the 
bedrock aquifer 
flow of groundwater in a crystalline 
occurs in the interconnected joint 
fractures,. Although the intergranular fractures may contain 
groundwater, it is essentially static due in part to tb.e 
force of atomic fields at the fracture surfaces (Davis, 
1969) .. The result is that the flow of groundliater through 
the fractures in a crystalline bedrock aquifer is 9n a 
larger scale than, for example, is the flow of groW1dvater 
through a well-sorted, quartz-sand aguizer~ This suggests 
that if t.he established principles of groundwater flow in a 
granular medium a+e to be applied to a fractured medium, a 
much larger volume of the fractured medium must be 
considered {Freeze and Cherry, 1979) .• As .long a~ the 
£racture spacing is sufficiently dense within this volume, 
the blocks of material between the fractures, which at this 
enlarged scale are relatively solid, are proportional to the 
grains of sand in the granular medium,. 
Benedini (1976) .refers to the enlarged scal.e 
scale of homogeneity; a fractured bedrock 





sedimentary surficial aquifer. This concept is u.se£ul since 
the empirical (Darcy) flow equations were de.rived from flow 
through a representative volume of granular sate.rial that 
was large enough to be considered homogeneous, instead of 
through the individual po.re spaces which a.re not homogeneous 
in size or shape. Certainly there are problems with 
meas~ring the flow of water through fractu~es in rock 
samples (Witherspoon, 1981) ,. Therefore, rather than having 
to consider the flow through individual fractures .iD a 
crystalline bedrock aquifer, the flow equations for granular 
materials can be transferred to the bull flow of groundwater 
through a representative volume of bedrock at an appropriate 
scale of homogeneity_ The only pitfall in transferring 
these equations to bedrock is the possibility of 
nonlinear-laminar flow or turbulent flow thr·ough 
exceptionally vide fractures, in which cases the Darcian 
flow equations would be invalid (Freeze and Cherry, 1979) ,. 
In an earlier section, equation 7 vas presented to 
calculate the average linear velocity of pollutants flowing 
thrqugh fractured bedrock. This is an example of a flov 
equation that is val.id for both granular media and fractured 
media assuming a sufficient scale of homogeneity for each,. 
By analyzing this equation, it should be noted that the 
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inverse relationship between porosity and average linear 
velocity can result in significantly higher 
low porosity bedrock aquifers than in 
velocities i.n 




in t.he surficial aquifers. 
introduction. bedrock 
wells remote from a 
pollution ca.n be more of a threat to 
pollution source than surficial 
pollution. The process by which pollutants are transport.ed 
by the bulk flow of groundwater is known as advection. 
Thus. the rate of the advection process is equivalent to the 
average linear velocity of the groundwater .. 
When considered at their respective 
homogeneity. the paths of groundwater flow 
scales of 
representive volumes of a sand aquifer and a 
bedrock aquifer are probably equally tortuous.. 





intermediate scale. the paths in a sa.nd aquifer vill appear 
much more tortuous than the relatively direct fracture paths 
of a bedrock aquifer. It is easy to visua.lize in this way 
how advection can cause pollutants to travel £4rther at the 
same average linear velocity through a fractured medimm than 
through a granular medium over the same time period. 
Hydrodynamic dispersion tends to dilute the 
concentration of pollutants as well as to retard the 
advection of pollutants through a fracture network (Freeze 
and Cherry. 1979) .. Two processes of hydrodynamic dispersion 
are important in fractured rock: mechanical dispersion and 
molecular diffusion. Both of these processes operate on a 
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microscopic scale, although the effects of mechanical 
dispersion are more macroscopic. Mechanical dispersion is 
the spreading out qf pol.lutants .both in the direction of 
groundwater flow (longitudinal dispersion) and perpendicular 
to it (transverse dispersion).. L_ongitudinal dispersion is 
usually stronger than transverse dispersion explaining why 
pollution plumes are often elongate. Mechanical dispersion 
in shallow bedrock results from drag exerted on the 
groundwater by irregularities on the fracture surfaces and 
by variations in fracture width along the flow path~ This 
causes the velocity of gro~ndvater at the center of 
fractures to be higher than at the surfaces. Molecular 
diffusion occurs in areas of the aquifer having low velocity 
such as in the intergranu.lar pores of the rock matrix. By 
their own potential to move to a less concentrated area, 
ions in polluted gro1111dwater wi+l penetrate the 
intergranular pores until equilibrium is reached.. It is 
important to note this process f9r the later consideration 
of electrical conductance and resistance in the rock matrix. 
While mechanical dispersiqn alone can be responsible 
for the .shape of a· volume of polluted groundwater in boil 
granular and fractured aquifers, anisotropy with respect to 
fluid flow expressed by fractured bedrock aquifers will most 
often determine the extent of pollution in such aquifers .. 
Anisotropy occurs when hydraulic conductivity (Kin equation 
7) is not constant for all directions. Obviously, in a 
small volume of rock containing a fracture, the hydraulic 
conductivity is greatest along the plane of 
When considered at the rock's scale OL 





oriented... However, as is usually the case, fractures in 
bedrock are oriented according to the stres~ that formed 
them. Even though severa1 alignments of fractures may be 
present in a bedrock aquifer, there still may be a preferred 
direction of pollution transport independent oL the 
hydraulic gradient and the effect of mechanical dispersion-
Geology and Hydrogeology at Little Compton. B.I. 
The subsurface in the vicinity of the Little Compton 
State Garage is composed of tvo ·geologic formations: 
glacial drift overlying cry.sta.lline bedr9ck.. The glacial 
drift consists entireiy of till which forms an 
unconsolidated surficial aquifer. The crystalline bedrock 
is most likely mica-chlorite schist which is fractured in 
several directions rendering it an aquifer. Approximately 
80% of the water supply in the Tiverton - Little CQmpton, 
R .. I. area is from individual ~ells of which 6 out of 10 are 
completed in bedrock (Schiner and Gonthier, 1965l .• The 
bedrock aquifer is reportedly the more reliable source of 
groundwater although yields are rarely su£ficient for more 
than domestic supplies.. 
The site of investigation at Little Compton includes 
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the State Garage property and the properties immediatelJ to 
the north and to the south (see figure 1) ,. Th.is area is 
estimated to be 6 acres (2.4 hectares). The site occupies 
the nearly-level, central portion of a topographic saddle at 
an elevation of appro.ximate.ly 80ft (24,. 4m) above mean sea 
level. Subsequently, there 
the swamp to the east and a 
Avenue to the west~ At 
are Qn.ly slight slopes to~ards 
drainage ditch along Willow 
one time surface runoff flowed 
towards the yard of the house south of the State Garage, hut 
it has since been diverted. The groundwater supply of this 
house is f·rom a dug well in the surficia.1 aquifer and is 
contaminated beyond potability. The resident of the house 
must get his drinking water from the State Garage's deep 
bed.rock well which is as yet uncontaminated_ The cesidents 
of the house north of U.e State Garage also receive theiL 
water from an uncontaminated deep bedrock well. 
The road deicing salt is kept covered in a storage shed 
that is open on one side_ The sand-salt pile is stored 
uncovered on asphalt pavement during the winter and spring 
and thus is exposed to precipitation. An underground tank 
has been installed to col..lect polluted runoff towards Wil.lov 
Avenue but was frequently seen to have overflowed during 
heavy rains.. Runoff towards the swamp flows uncontrolled .. 
According to notations made during the drilling of the 
two shallow bedrock wells at the State Garage site, 
approximately 15ft (4.6m) of compact, silty gray ti.11 was 
encountered before bedrock vas reached (Urish, 1980). It 
44 
would be expected that a poorly-sorted, fine-grained 
material such. as this would retard the .µifiltration of 
polluted water and contain it~ An average linear velocity 
of less than one inch {several millimeters) per year'is not 
unreasonable for a silty till. The fact, however, that high 
concentrations of salt have penetrated well into the 
fractured bedrock indicates that the till itself may contain 
fractures.. Field measurements of bulk hydraulic 
conductivity in jointed till are reported to be 1 to 3 
orders of magnitude larger than laboratory measurements of 
unfractured till matrix (Freeze and Cherry 4 1979). The 
effect qf joints in an unsaturated surficial deposit of till 
is to increase the rate of infiltration of polluted runoff. 
The effect of joints in the saturated zone is to increase 
the rate of recharge to the bedrock aquifer (Williams and 
Farvolden, 1969). An alternate explanation may be that 
osmotic pressures have allowed the high sa1inity groWldvater 
to penetrate the till.. 
The only outcrops of bedrock in the vicinity of the 
Little Compton site· are to the north and west (figure 6), 
the closest being more than 1/2 mile (0-8km) away~ A lo~e 
outcrop of granite occurs 1 mi.le (t.6km) north of the site 
and is a part of the Bulgarmarsh Granite {Pollock, 1964) ,. 
At this outcrop the granite is gray, coarse-grained, weakly 
foliated and jointed. The foliation and joints strike 
northeast. Pollock suggests that the fo.liation represents 
original flow structures since in many places it parallels 
Pennaylvanian 
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Figure 6. Bedrock geology at Little Compton 
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the schist.osity of the overlying mica-chlorite schist 
host-rock. The other outcrops in the vicinity, including 
the one closest to the site, are of mica-chlorite schist.. 
The texture of the gray to green schist is fine-grained to 
·~ almost phyllitic at the outcrops east of Main Boad.. Thin 
highly bedding, which the schistosity parallels, is 
contorted and sheared at some outcrops likely indicating 
proximity to the granite contact.. Avay from the granite, 
the bedding and schistosity are even and both strike 
northeast- Thin beds of limestone are observable in many of 
the mica-chlorite schist outcrops. Additionally, tvo sets 
of fracture cleavages trending northeast can be 
distinguished on the outcrops.. 
The most recent bedrock geologic map of the Tiverton 
7 1/2-minute Quadrangle (Pollock. 1964) indicates the Little 
Compton site is located on top of Bulgarmarsh Granite .. 
Ho·vever, t.he bedrock encountered in the two bedrock 
boreholes on the site (Urish* 1980) and in tvo additional 
boreholes in the Commons less than 2000ft (610m) south of 
the site (U .. s .. Geological survey. 1963) is described in 
we.ll reports as being "soft gray rock" or "s.late 11• Sirice it 
is unlikely that Bulgarmarsh Granite coul.d be misidentified 
as "soft" or 11s.late", the .bedrock beneath the State Garage 
is probably mica-chlorite schist .. From the outcrop and 
borehole data previously mentioned in addition to the 
indication of granite in a borehole southeast of the site, a 
revised approximate contact between the rock units is 
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presented in figure 6m 
The type of bedrock is consequential hydrologica1ly 
since the schist is potentially more permeable than the 
granite.· Besides the intergranular porosity • added by 
schistosity and fracture cleavage, the shearing fractures of 
the schist increase joint porosity over that found i.n the 
granite.. Quartz veins in the granite outcrop and in the 
boreholes indicate the State Garage i~ near the 
schist-granite contact and that granite probably exists at 
some depth beneath the schist at the site,. .Pollock (1964) 
has. recognized the presence of a transition zone near the 
contact at some outcrops within the quadrangle. 
A brief conjectural geologic history of the area will 
further describe the geology and hydrogeology of the Little 
Compton site.. During the Precambrian, the thin beds of 
volcanic and marine sediments in the mica-chlorite schist 
were deposited and became deeply buried~ At some time 
before the intrusion of the Bulgarmarsh Granite the 
sediments underwent- low-grade regional metamorphism to the 
upper greenschist facies. The schist formation has been 
correlated.with similar units of the Blackstone Series in 
other parts of Rhode Island and Connecticut. The 
mica-chlorite schist was folded and fractured by intrusion 
of the Bulgarmarsh Granite during the Late Precambrian 
Avalonian orogeny. Recent radi9metric age dates show that 
the granite crysta.llized 600-650 million years B,'!' .P,. 
(Zartman and Naylor, in press),. Contact metamorphism of the 
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schist increased its metamorphic rank to the albite 
epidote amphibolite facies in the vicinity of the site,. 
During the Pennsylvanian period, the conglomerates, 
sandstones, and shales 0£ the Rhode Isiand Formation were 
deposited in the Narragansett_ Basin. This formation 
unconformably overlies the schist and the granite; its 
southeastern limit is within 2 miles (3 .. 2km) 0£ the Little 
Compton site. The Rhode Is.land Formation was metamorphosed 
during the Alleghenian orogeny, which had a negligible 
effect on the pre-Pennsylvanian rocks. Hpvever. this 
orogeny may have formed one of the northeast trending 
fractur.e cleavages seen in the schist.. The hydrologic 
significance of the several orogenic eve11ts which have 
affected the schist is the deYelopment of severai fracture 
directions. These different orientations of fractures have 
resulted in an interconnected fracture network through which 
groundwater now flows. 
For over 200 million years the schist. the granite, and 
the Bhode Is.land Eormation underwent deep chemical 
weathering and erosion. Thorough_ly deco.11posed rQck 
undoubtedly covered the surface and was continuous with the 
reddish-brown saprolite that today covers the Piedmont of 
the southeastern states.. A gradational zone perhaps 100ft 
(30m) or more thick occured between the surface and fresh 
rock.. ilithin this layer existed a.l.l proportions of 




The weathered rock layer 
the possibility that 
remained undisturbed except 
glaciofluvial sediments ve~e 
deposited at the surface from glaciers farther north before 
20.000 yea~s B.P. At that time a continental glacier 
advanced over the region;. A theory expressed by Feininger 
(1971) suggests that the saturated weathered rock became 
frozen and was incorporated in to the base of the south.ward 
moving glacier. The furthest extent 0£ glaciation in the 
Little Compton area is less than 20 miles (32kmJ away in 
what is now the Atlantic Ocean between Block Island and 
~artha•s Vineyard (see figure 1)- Considering the proximity 
of the leading edge of the glacier and the lov gradient of 
the fresh bedrock surface. it is doubtful that the weathered 
material was transported far,.. A treaendous amount of 
subglacial water developed at the base of the glacier where 
the pressure-melting point was exceeded. The water was 
sufficient to flush residual clay particles from the 
weathered material 
particles that have 
leaving behind the silt-sized and larger 
since been deposited as ti~l~ The 
cobbles and boulders present in the till were derived from 
the partially solid blocks of rock that w.ere loosened by 
chemical weathering, .. These weathered blocks containing a 
core of fresh rock were rounded by abrasion against each 
other in the glacier and in the glacial me.ltwater.. Xhe 
numerous boulders of conglomerate may have been tranported 
in the basal debris at least the distance they are from the 
Rhode Is.land Formation or they may have been transported 
so 
along higher level, faster moving shear planes in the ice .. 
This theory for the origin of till in the area may be 
disputed by some geologists because it does not ascribe a 
prominent role to the mechanical weathering and subsequent 
erosion of unweathered fractured bedrock.. However, it is 
conjectured that the .frac.ture openings present today in the 
bedrock were open prior to the glacial advance and that the 
number of new fractures created by freeze-thaw action or by 
the release of overburden pressure is min.i.maL. The theory 
presented ascribes a minor role to the grinding dovB of the 
fresh bedrock surface as a source of till, a process that 
would tend to diminish the number of fractures in the 
bedrock. Chemical weathering and tectonic forces therefore 
have played a greater role in the development of bedrock 
porosity at Little Compton than has mechanical weathering .. 
The formation of joints in the till is itself 
problematic.. A like·ly mechanis11 f 9r their development is 
the seasonal and long-term cyclical fluctuation of the water 
table within the tilL. During the 10,000 years of its 
existence, it is likely that the entire 15ft (4.6m) 
thickness of till ha·s from time to time not been co.11pletely 
saturated. With the water table in the bedrock aquifer, the 
silty till contracts as it drys out creating tension 
fractures throughout the layer .. Infiltration of ~unoff 
during the normal spring recharge causes the unfractured 
till. matrix to swell but the hairline fractures remain .. 
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ANALYSIS OF RESISTIVITY IN CBYSTALLINE BEDROCK 
Need for Eield Research 
Two significant generalizations have been made thus far 
about crystalline bedrock. one concerning its ability to 
transmit an electrical current aiid the other concerning its 
ability to transmit groundwater- To recapituiate. it was 
stated that bedrock. including crystalline bedrock. is often 
interpreted to be a nonconductor of electrical current. It 
was also stated that in studies where bedrock is of 
secondary importance to the overlying sedimentary aquifers. 
crystalline bedrock is considered to be a "nonconductor" of 
groundwater. However. it was shown that if Uere are enough 
interconnected fractures present, crystalline bed+ock may be 
an effective transmitter of groundwater. Since water is the 
most important component of a geoelectric layer in 
determining the layer 1•s bull resistivity (Keller. 1967) • it 
seems reasonable to consider that there may he situations 
where crystal1~ne bedrock does not behave as a nonconductor 
of electrical current .. 
If water-filled, interconnected fractures are_ present 
in a crystalline bedrock, most of the electrical current can 
be conducted electrolytical.ly through the groundwater 
provided enough ions are present in the solution.. As was 
·stated earlier. the effect of the resistivity of the rock 
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matrix becomes .insignificant when the electrical current 
flows mostly through the groundwater. In this way a layer 
of fractured crystalline bedrock saturated with sufficiently 
conductive groundwater may behave not as a nonconductor, but 
as a layer of finite resistivity,. 
• Cont.in u.ing this rationalization further, if a l_ayer of 
fractured crystalline bedrock can have a finite resistivity 
that is determined by the conductivity of the saturating 
groundwater, variations i.n the groundwater conductivity due 
to different degrees of pollution can conceivably be 
detected using any 0£ the three surface resistivity methods 
previously discussed. This concept is the basis for the 
present investigation into the applicability of resistivity 
aethods to detecting pollution in crystalline bedrock 
aquifers. 
Resistivity investigations are aore commonly 
unconsolidated sedimentary aquifers than 
conducted 
in in 
aqui.fers.. subsequently, literature describing the 
resistivity for investigating bedrock is limited. 





where VES interpretations detected saline groundwater in the 
fractures of limestone bedrock in .Missouri.. Papers by 
Satpat~y and Kanungo (1976) and Verma et al (1980) discuss 
how resistivity was used to find groundwater in igneous and 
metamorphic bedrock .o.n the subcontinent of India.. A thesis 
by Beissel (1971) discusses the use of resistivity to 
determine the orientation of buried joint sets in the 
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crysta1line bedrock of Colorado. Another thesis by Shipman 
(1978) concludes that YES curves adequately detected the 
saltwater-freshMater interface within the sedimentary 
bedrock of the Narragansett Basin in Bhode Island. Eev, if 
any publications, however, address the current topic of 
detecting, in crystalline bedrock, mineralized groundwater 
pollution that originated from a source at the sur£ace. 
Previous Studies on Rock Samples 
While the field use of resistivity in crystalline 
bedrock has been limited, laboratory research 0£ resistivity 
in crysta1line rock-samples has been extensive_ In response 
to the possibility that earthquakes may be predicted us.i..ng 
r 
resistivity, Brace et al (1965) initiated research into the 
change of resistivity with increasing pressure on 
vacer-saturated igneous rock samp1e$. Although the e£fects 
of pressure on resistivity is irrelevant in shallow bedrock. 
a result pertinent to the present topic is that the 
conduction of electricity through crystalline rock with as 
little as one tenth of a This suggests that conduction 
occurs along fluid-filled microscopic cracks between mineral 
grains even in crystalline rocks that appear to be solid .. 
More importantly, .the same dependence of res~stivity on 
porosity empirical.ly observed for porous sediments was 
obeyed in all of their rock samples saturated with 
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mineralized water. In other words, Archie 1•s law apparently 
also applies to crystalline rocks. 
At this point it is necessary to introduce the two 
types of void spaces that oc~ur at both scales ot porosity_ 
Previously, bedrock porosities were classi£ied as being 
either joint porosity or intergranular porosity primarily on 
the basis of their relative sizes. For both types of 
porosity. those voids that are larger, more spherical or 
tubular in shape, and provide most of the storage in a 
bedrock aquifer are called storage pores. Those voids that 
are finer and flatter* and provide connection between the 
storage pores are called crac~s or connecting pores {Keller 
and Frischknecht. 1966) .. 
Br~ce et ai. {1972)· present photomicrographs of 
storage pores and cracks in a sample of Westeriy granite 
from Rhode Island and a quartzite sample from Vermont as 
seen by using a scanning electron ricroscope,. Nearly 
eguant-shaped storage pores, as well as cracklile connecting 
pores, can be seen in abundance both within grains and along 
grain boundaries. The two types of void spaces often 
alternate along a fracture and are separated by thin bridges 
of uncracked material, thus bei~g blunt-ended rather than 
dying oat as a sharp crack,.. The extent as well a.s the 
connectivity of all of these pores normal to the thin 
sections is not known. However, results of porosity 
experiments imply that even pores that represent only a 
fraction of a percent of the rock volume are interconnected 
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and accessible to conducting f.lutds (Greenberg and Brace, 
1969; Madden. 1976) .. 
It can be concluded, then, that most o.f the resistance 
to current flow is met in the connecting pores (Kel.ler and 
Frischknecht, 1966) where the fiuid volume is smaller and 
the path of the current is longer than in the storage pores .. 
The presence of thin bridges of material across the cracks 
may also tend to increase the resistance. The pore 
structure of a crystalline rock in two dimensions can be 
described as an array o.f polygons representing storage pores 
connected to each other by lines 
pores. Depicting the structure 
repre:;»enting 
of pores in 
connecting 
this way, 
several authors (Greenberg and Brace 4 1969; Shankland and 
Wa.ff, 1974; ~adden, 1976) have used netvor~s of electrical 
resistors to model the conduction of electrical current 
through crystalline rock. 
A network of resistors represents the interconnected 
fluid fraction of a saturated rock and thus is analogous to 
the porosity of the rock~ The intersection~ Qf fractures ill 
a rock are represented by the intersections of the resistor 
elements in the net~ork. Siilce most fractures form a 
three-dimensional network, cubic networks of resistors are 
often used as mode.Ls; however, two-dimensional resistor 
networks have been used to model two-dimensional fracture 
networks that have from 2 to 6 fracture planes intersecting 
(Greenberg and Brace, 1969)~ Since it appears that crack 
widths af.fect the conductivity of cracks, .the resistances of 
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the resistor elements are varied throughout a network to 
simulate the wide range of crack widths in a low porosity 
crystalline rock (Madden, 1976) .. Madden''s vork shows that 
the conductivity. and thus the resistivity 1 of low porosity 
fractured rocks is controlled by the 11microcrack 11 population 
even though it accounts for only a fracti9n of the total 
porosity. 
The usual process during network analyses is to 
eliminate resistors from the array which simulates a 
decrease in porosity in a fractured rock.. Thus. Archie:·•s 
law can be tested since various values of porosity can be 
represented.. The results of these analyses appear to 
confirm the earlier statement that Archie's law is adhered 
to even in crystalline rocks. It is aiso observed that 
Archie~s law behaves for rocks with low porosities only when 
there is a wide range of crack widths avaiiable for current 
flow. Fortunately, this condition occurs in most 
crystalline rocks. Additionally, resistivity is relatively 
unaffected by the number of intersections made by fractures 
at any one point .. fladden concludes that Archie's law is a 
property of tae particular void space distribution within a 
fractured rock and not a fundamental property of the rock 
matrix. 
It will be worthwhile to derive some resistivity values 
for crystalline rock £rom the results of these laboratory 
tests for comparison later with the results at Little 
Compton. In addition to the samples of Westerly granite 
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from Rhode Island that Brace et al (1965) tested. Brace and 
Orange (1968) present resistivity measurements on samples of 
chlorite schist from Chester, Vermont. The Westerly granite 
has a total porosity of 0,. 9%; 0 .. 7% is storage porosity 
while 0.2% is connecting porosity. Unfortunately, no 
porosity values are given for the chlorite schist. ijowever. 
an average grain diameter of 0.6 mm is reported which means 
that it is probably coarser-grained that the mica-chlorite 
schist at Little Compton. The lowest confining pressure' at 
which the resistivity of both rocks were tested is 0.05 k.b 
or approximately 50 t-imes atmospheric pressure.. The rock 
samples were kept saturated at a temperature of 20°c (68°P) 
and the pore pressure was maintained near zero,. 
With the above parameters constant. the measured 
resistivity of Westerly granite saturated with tap water was 
27.880 ohm-ft (8500 ohm-m) .. The average resistivity of the 
tap water was 146 ohm-ft (45 ohm-m) yielding an apparent 
formation factor of 191. The resistivity of Hesterly 
granite· saturated with a NaCl solution was 1017 ohm-ft (310 
ohm-11) ... '.rhe resistivity of the salt solution was 1- O ohm-ft 
(0 .. 3 ohm-m) yielding a t.rue formation factor of 1017. The 
discrepancy between formation factors is due to surface 
conduction in the tap.water-saturated sample. The effect of 
surface conduction is to reduce the value of bulk 
resistivity below its true value. A resistivity value for a 
chlorite schist samp1e saturated liith tap vate.r was not 
presented. However, the resistivity of a chlorite schist 
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sample ~aturated with a salt solution was 623 ohm-ft (190 
ohm-m). The resistivity of the salt solution in this case 
was 0.82 ohm-ft {0.25 ohm-.m) yielding a true formation 
factor of 760,. 
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EIEI.D BESEARCH AT LITTLE COMPTON, R..I.. 
Horizontal Profiling 
Instrumentation and measurement locations 
A qualitative assessment vas made during the summer of 
1982 of salt pollution in "the bedrock at Little Compton 
using the resistivity method of horizontal profiling_ 
Soil test, Inc. (model R-60) direct-current earth 
resistivity equipment vas used to perform the horizontal 
profiles- This equipment consists of a null-type 
millivoltmeter and a power unit that measures the current it 
produces in milliamperes. Metal-stake electrodes were used 
at all electrode positions of the Wenner array.. A vertical 
electrical sounding was performed using this ~ame equipment.. 
By observing where on the field curve the 45° line begins, 
tvo a-spacings that presumably would penetrate bedrock at 
all measuring points were chosen.. The designated a-spacings 
vere 50ft and 75ft (15 .. 2m and 22 .. 9m),. Tvo pro:filing lines 
were run at two different a-spacings. Eigure 7 gives the 
location of each measuring point and figure 8 gives a graph 
of the measured apparent resistivities plotted versus 
distance~ The field data :for both horizontal pro:files is 
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(After Kelly and Urish, 1981) 
Figure 7. Location map of horizontal profiles 
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Discussion of results 
It can be seen from figures 7 and 8 that a definite 
apparent resistivity low occurs at the ~outheast corner of 
the State Garage property_ The apparent resistivity is 
variable at both a-spacings on the east-west line compared 
to the steadily increasing values to the north on the 
north-south line. Intermediate lows along the east-wesc 
line can be observed near the center and .near Willow Avenue. 
Qualitatively, it ca.n be stated that the concentration of 
dissolved salt is greatest at these apparent resistivity 
lows and least at the northernmost measuring point. A 
statement, however, assigning these most-polluted areas to 
the bedrock aquifer would ~t best be cautious since the 
resistivity variations may be due to pollution variations in 
the surficial aquifer-
effect the surficial 
Further consideration of the masking 
aquifer has on the bedrock will be 
discussed in the VES interpretations-
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Vertical Electrical Sounding 
Instrumentation and measurement locations 
The Schlumberger electrode configuration was used to 
perform six vertical electrical soundings at the Little 
Compton site. Frohlich (1973) presents a schematic diagram 
of the equipment that' was used to make each VES.. A 12V car 
battery drives a converter which supplies cip:rent at a 
maxilllum of 0 .. 25 amps at 400V de.. The current is regulated 
by several variable and constant resistors mounted on a 
panel and is measured by a current meter th.at reads 
milliamperes. 
current flow 
A reversing switch on the 





completed with insulated wire cables connected to steel 
stake electrodes inserted into the ground at points A and B 
in the Schlumberger configuration. 
The potential difference between Mand N was measured 
with a Hewlett-Packard model 4304B de-voltmeter. It is an 
analog voltmeter with a centered null reading that allows 
the voltage to be read in one direction and then the other 
when the current is reversed. The most sensitive range on 
the instrument is one millivolt full scale.. The vo.l tmeter 
was connected to two nonpolarizable 







The current and the voltage were measured £or both 
directions of current and an average was taken to cancel aay 
spurious effects. The field data for each VES are presented 
in Appendix c .. 
Specific conductance measurements were taken in the two 
boreholes at the site with a Yellow Springs Instrument Co. 
conductivity meter .. Rater saaples were bailed from the 6 
inch ( 15cm) diameter bedrock wells into small containers .. 
The conductivity electrode was placed in the water 
immediately after bailing. The temperature of the water 
sample was recorded as was the specific conductance at that 
temperature. These data are presented in Table 1. Also 
presented are water level measurements·taken in the borehole 
before bailing was begun .. -
Addi tionally, a background water sample was obtained 
from the water supply of the residence north of the State 
Garage. A specific conductance of 408 micromhos/cm (80 .. 4 
ohm-ft or 24.5 ohm-m) at 16.5°c (62°F) was measured~ Using 
the nomogram presented by Keys and Maccary (1971), the 
electrically equivalent concentration of sodium chloride 
' approaches 250 mg/1~ This is the U.S. Environmental 
Protection Agency 1•s recommended concentrat·ion limit to 
provide acceptable potability. The lowest electrically 
equivalent concentration of sodium chloride derived from the 
borehole measurements in the polluted area is 1500 mg/1 
while the highest approaches 10,000 mg/1. 




































































































































































































































































































Apri.l, 1983.. VBS 1 and VES 2 were made at the first o.f t.he 
month, VES 3 was made two weeks later, and VES 4. 5, and 6 
were made one week after VBS 3. A record amount of rainfall 
for the month of April vas reported in Rhode Island causing 
already elevated water tables to generally rise throughout 
the month. Figure 9 shows the six VES center point 
locations in relation to the two boreholes at the site. 
Figures 10-15 show the field cu.rve, the best-fit theoretical 
curve and the corresponding hydrogeologic / geoelectric 
model for YES 1-6, respectively. Note that VES 1, 4, and 5 
are KH-type curves vhi.le VES 2, 3, and 6 are H-type curves. 
Discussion of results 
Because the northern well at the Little Compton site 
encountered bedrock at 16ft (4,. 9m) and the southern vell 
encountered bedrock at 14ft (4,.3.lll), an average depth to 
bedrock of 15ft (4.6m) was assumed for interpretation 
purposes. Depths to the zone of saturation fwater table) 
varied with time and location between soundings and had to 
be interpolated from water .level measurements in the bedrock 
wells- For the H-type curves, an initial increase in 
apparent resistivity typical of an unsaturated "zone is not 
observable. Since the ground surface was extremely moist in 
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The known depths to hydrogeologic boundaries were 
incorporated into the models for each VES as geoelectric 
boundaries,. Other geoelectric boundaries besides the 
bedrock surface and the ~ater table are somewhat arbitrary. 
but presumably real. According to the procedure described 
earlier. the bulk resistivities of the layers defined by 
these boundaries were varied. as were the arbitrary boundary 
depths to produce a best-fit curve. The values for each 
model were also adjusted with respect to the corresponding 
values in the other models. resulting in a correlated 
inte.rpreta tion. 
Only four model.s indicate poll.ution in the surficia.l 
aquifer: VES 1. 2. 3. and 6. .It is important to note that 
the lov resistivity layer. which corresponds to the 
intermediate minima on the field curves. lies in till above 
the 15ft {4.6m) depth to bedrock. The depth of 7ft {2.1m) 
to the top of the lov resistivity layer is an arbitrary 
depth. but certainly falls within the limits of the 
principle of equivalence for each curve~ The layer above 
the low resistivity layer also has a relatively lov bulk 
resistivity vhen compared to typical resistivity values in 
the thousands of ohm-ft and ohm-m for other unconsolidated 
aquifers .. 
Even though till layers are often heter?geneous 
lithologically. the till layer at Little Compton is thought 
to be at least consistantly heterogeneous such that a 
difference in lithology can be rejected ~s the cause of the 
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low resistivity layer. This assumption is supported by logs 
of the borehole drillings (Urish, 1980) .. If the boundary 
within the till layer is not geologic~ it must necessarily 
be hydrogeologic. most likely resulting from a vertical 
transition, whether gradual or abrupt, in groundwater 
quality~ This explanation is adequate if the means can be 
described for emplacement of more-polluted groundwater 
beneath less-polluted groundwater so close to a source area. 
A probable mechanism is the seasonal fluctuation 0£ the 
water table with:i,.n the till.. During sumaer and fal.l months, 
the water table elevation decreases due to natural 
discharge, decreasing groundwater_ recharge from 
precipatation, but most importantly evapotranspiration.. The 
loss of saturated thickness by evapotranspiration tends to 
concentrate the salty groundwater and restrict it to the 
bottom of the till layer~ Evidence that the water table can 
fall to at least 6ft (2m) below the ground surface at Little 
Compton is given by Kelly and Urish (1981). During late 
winter and early spring, such as when the soundings were 
made, runoff that is salty but more dilute than the existing 
groundwater rapidly infiltrates 
table- The more-polluted layer 
the till raising the water 
within the till remains 
essentially undisturbed because of its higher density and 
because it takes mechanical dispersion a long period of time 
to evenly distribute the salt concentration. Consequently, 
the two concentrations of groundwater pollution behave as 
discrete geoelectric layers within a single geologic unit. 
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VES 2 is an exception among the models with polluted 
till since the normal bedrock depth was not observed-
Because a boundary at a depth of 15ft {4,.6m) would 11ot 
produce a curve that fit the field data, the lower boundary 
of the more-polluted till layer was arbitrarily extended to 
a depth of 50ft {15..2m) in order to produce a close fit .. 
This cou.ld illdicate that a local depression in the bedrock 
surface was encountered or more likely that the electrical 
properties of the till and the shallow bedrock are .locally 
similar. As a11 example. the suriace of the schist bedrock 
may be more fractured in the vicinity of this somewhat 
isolated VES,. This could .be caused by the intersection of 
one or several quartz veins with the bedrock surface. 
Abundant cooling fractures associated with quartz veins seen 
in outcrops could be present allowing more of the polluted 
groundwater to infiltrate the bedrock than at other 
locations. This could cause the bulk resistivity of the 
fracture zone to be lowered to the resistivity of the till 
such that till and bedrock behave as a single geoelectric 
layer. 
To comment briefly on why there is a discrepa11cy 
between some field poi11ts a11d the right-ha11d portion of some 
theoretical curves, a lateral inhomogeneity in groundwater 
resistivity is responsible. Evidence of the lateral 
inhomogeneity is given by specific conductance measurements 
from the two boreholes (Table 1) which indicate a definite 
change in groundwater resistivity within a distance of only 
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130ft (40m). The discrepancy is especially prominent on 
those soundings (VES 1. 3, and 6) which were centered over 
the potentially highest concentration 0£ ground¥ater 
pollution, directly down-gradient from the salt storage-
shed. At small AB/2 the apparent resistivity is measured in 
only the highly polluted sur£icial material, which presents 
no problem. However, as AB/2 is increased the current 
electrodes are displaced further from the source of 
pollution and into areas where the groundwater pollution is 
more dilute in the surficial materitl. The ef£ect 0£ the 
lateral inhomogeneity is to increase the apparent 
resistivity to a value higher than would be measured i£ the 
groundwater resistivity were laterally constant.. The path 
that the field curve would take if the pollution were 
laterally extensive is approximated by modeling the 
theoretical curve so that no field point falls more than 5% 
to the right of the 45° line,. Thus, the discrepancy is 
necessary to compensate for the lateral inhomogeneity .. 
While only one of the polluted-till models detected any 
pollution below the bedrock surface. VES 4 and VES 5 
demonstrate that polluted bedrock is detectable as a 
discrete layer beneath an unpolluted overburden.. Both 
soundings are located to the north of the site slightly 
up-gradient topographically from the salt piles such that 
the till has not been polluted. It may at first seem 
unusual £hat pollution could be present at all in a bedrock 
aquifer that lies beneath an unpolluted and hydraulically 
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connected surficial aquifer.. However, considering the high 
average linear velocity typical in low porosity bedrock, the 
anisotropy of hydraulic conductivity inherent in a fractu~e 
network. and the effects of hydrodynamic dispersion, it is 
entirely possible that polluted groundwater can invade the 
bedrock aquifer of an area without affecting the surficial 
aquifer~_ As an example, pollutants from a hazardous waste 
dump-site in northern Bhode Island were reported to bave 
traveled through bedrock fractures beneath an unpolluted 
overburden {Goldberg-Zoino and Associates, 1981),. The 
organic (nonmineralized) pollutants in 
detected by chemical analysis in domestic 





The third-layer resistivi ties and depths in figures 13 
and 14 are medians of the ranges of practically equivalent 
values,. The domain of practically equiva.lent resistivities 
is 113 ohm-ft (34 .. 4 ohm-m) higher and lower than the average 
for YES 4 and 83 ohm-ft (25.3 ohm-m) for VES 5. At the same 
time the domain of practically equivalent depths is 10ft 
(30m) higher and lover than the average depths for both 
soundings. The average third-layer resistivites, 2000 
ohm-ft (610 ohm-m) for YES 4 a~ay from the salt piles and 
1325 ohm-ft (404 ohm-m) for VES 5 closer to the salt pile$, 
compare favorably with the resistivities of the 
salt-saturated rock samples discussed ear.lier.. Bectll that 
salt-saturated granite had a resistivity of 10 17 ohm-ft (310 
ohm-m) and sa.lt-saturated schist had a resistivity of 623 
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ohm-ft (190 ohm-m). 
Whi1e the third-layer resistivity values from Little 
Compton are slight1y higher than the resistivity values 
.11easured in 11po.lluted 11 rock samples • they rellain 
... 
considerably lover than the resistivity value of 27.880 
ohm-ft (8500 ohm-m) measured in the 11unpol.luted 11 granite 
sample. Since the minerals in both the rock and bedrock 
samples are essentia1ly non-conductive. discrepancies 
between field values and laboratory values are attributable 
to differences in physical ~ondition,s during measurement.a 
The pressure applied to the rock samples is higher than the 
pressure in shallow bedrock and thus decreased the 
interconnected pore volume.• A decrease in porosity• 
however. favors an increase in resistivity, which. is 
contrary to the results above. Therefore, the saturatillg 
fluid quality must be the factor above all else that 
controls the bulk resistivity of these materials,. Since the 
porewa ter resis.ti vi ty was lover in the rock samples and the 
temperature was higher, the bulk resistivity of the rock 
samples would be expected to he lower than the bulk 
resistivity of the bed.rock at Little Compton.. Thus, it can 
be concluded with confidence that the third-layer 
resistivity values from VES 4 and 5 are reasonable values 
for polluted fractured bedrock,. 
Since polluted bedrock was interpreted from two field 
curves in an area not expected to be detectab.ly _polluted, a 
question is raised as to vhy the most-polluted bedrock was 
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not represented on t.he other field curves.. The principle of 
suppression provides an explanation. The surficial layers 
of VES 1, 3, and 6 have very low resistivities compared to 
the polluted bedrock resistivities obtained by VES 4 and 5-
subsequently, the polluted bedrock layer, even though 
greatly reduced in resistivity from unpolluted ,bedrock, 
still behaves as a nonconductor relative to the even lover 
resistivity· overburden,. The suppression of the polluted 
bedrock layer at Little Compton makes its thickness and 
resistivity uninterpretable in areas of highly polluted 
till. 
To illustrate the extent of the suppression phenomenon, 
two hypothetical models zor VES 3 are presented in figure 
16. Model I is the correlated model of figure 12 presented 
here for comparison. Model II is identical tQ Model I 
except that the third layer thickness and resistivity of VES 
5 has been added to simulate a polluted bedrock layer,. As 
can be seen. the curve generated by Model II is practically 
coincident to the curve of Model I. Model III represents an 
extreme case of Model II where the polluted bedrock layer 
has a bulk resistivit7 of 500 ohm-ft ,1s2.4 ohm-m) and a 
thickness of 300ft (91.4m). However, the curve generated by 
Model III is also practically coincident making Models I. 
II, and III practically equivalent at least to the maximum 
values of AB/2 that were performed.. Since it is known from 
the borehole data that the bedrock at thi.s VES location is 
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is suppressed on the field curve~ It would have been 
impossible to say whether or not pollution exists in the 
bedrock aquifer at this location based on the VES 
interpretation alone. A general conclusion reached from 
these results is that unless the overburden resistivity is 
of the same magnitude as the poliuted bedrock resistivity. 
the polluted bedrock layer will be 
recognition on the field curve~ 
suppressed beyond 
Application of formation factor and Archie 1•s law 
The formation factor of the bedrock at Little Compton 
can be calculated using the bull resistivity from VES 5 and 
the groundwater resistivity from borehole Lie 21 nearby. 
Dividing the polluted bedrock resistivity of 1325 ohm-ft 
(404 ohm-m) by the groundwater specific conductance 
expressed as a resistivity of 17.3 ohm-ft (5.3 ohm-m), the 
formation factor is found to be 77 {equation 4)- This value 
) 
is lov compared to the formation factors of 1017 and 760 
calculated respectively for the salt-saturated Westerly 
granite and chlorite schist roc.k samples discussed 
previously. surface conductance and clay mineral ionization 
are not responsible for the discrepancy because their 
effects are minimal in salt-saturated rocks. For this 
reason all three formation factors can be considered true 
rather than apparent formation factors. The discrepancy may 
be explained by the lowered porosity of the rock 




resistivity measurement. Since there is an inverse 
relationship between porosity and formation factor (equation 
6), the lower-poro~ity rock samples would be expected to 
have higher formation factors. While few formation factors 
for crystal1iile rock are found in the literature, 
statistical studies have been performed on numerous samples 
of sandstone. One such study by Carothers (1968) reports 
that values vary from 5 to more than 1 oo·o in 793 sandstone 
samples, making it likely that crystalline bedrock varies as 
much. The formation factor of 77 derived for the schist 
bedrock at Little Compton appeaxs to be reasonabie.. 
The bedrock groundwater resistivity can be calculated 
at VES 4, which is the sounding farthest away from the 
pollution source and also farthest northo The polluted 
bedrock resistivity of 2000 ohm-ft (610 ohm-m) is this time 
divided by the derived formation factor of 77 to obtain a 
groundwater resistivity of 26 ohm-ft (7.9 ohm-m)~ This 
translates into a specific conductance of 1260 micromhos/cm 
which is still several times higher than the conductivity of 
the natural groundwater. Using Keys and Maccary•s nomogram 
(1971), the groundwater at VES 4 has an approximate 9 a1inity 
of 1000 mg/1 compared to a salinity of 1500 mg/1 at YES 5. 
Groundwater po1lution is therefore confirmed at both VES 
locations and an expected decrease in salinity is 
demonstrated away from the pollution sourGe. 
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A typical expression of Archie•s law for metamorphosed 
sedimentary rock is given by Keller {1967) as 
-1.. 58 
RV / Bi = 1,.4 n (9) 
Since Rw/Ri is the formation tactor, now known to be 77, the 
equation can be solved for porosity {n) ,. A value of 7- 9% is 
obtained which represents the total porosity of the bedrock .. 
The schist bedrock at Little Compton must contain a large 
amount of intergranular porosity since joint porosity rarely 
exceeds 2%,. However, much of the intergranular porosity 
measured from electrical current flow may not be accessible 
to groundwater flow. TAerefore, the porosity calculated by 
Archie•s law for bedrock is likely an overestimate of 
effective porosity and should be considered as such when 
used in groundwater equations. 
A groundwater flow equation that utilizes porosity to 
determine the rate of pollution transport was given earlier 
as equation 7. If tb.e entire polluted bedrock t..h.tckness is 
considered to be a large enough scale of homogeneity, 
equation 7 can be applied to the fractured medium as an 
equivalent granular medium.. Besides a value for effective 
porosity, values for bulk hydraulic conductivity and 
hydraulic gradient are needed in order to calculate average 
linear velocity. In many groundwater studies the latter tvo 
values are measured by bail or slug tests and by water level 
measurements in at least three bedrock wells. Effective 
-
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porosity is often the value that is difficult to obtain. A 
porosity derived by VES curve interpretation and Archie's 
law may be used as the effective porosity in equation 7, but 
only with caution... Besides the likel.i..hood that it 
overestimates the effective porosity, the porosity value is 
only as accurate as the VES curve interpretation and the 
parameters used for Archie• s law... U.af ortunately for the 
present study, only a rough approximation of porosity is 
known. / 
To demonstrate a result that can be achieved using 
equation 7, an estimate of the average linear velocity of 
pollution flow through the bedrock aquifer at Llttle Compton 
will be calculated. Freeze and Cherry (1979) indicate that 
hydraulic conductivity values for fractured igneous and 
metamorphic rocks range from slightly less than 10-s m/s 
(32.a-a ft/s) to slightly more than 10-• m/s (32-8-• ft/s) .. 
An average value of 10-• m/s (32.8- 6 ft/s) will be used. 
When water levels from three boreholes are available, the 
direction of groundwater flow and the hydraulic gradient in 
that direction can be determined by triangulation... Not 
having three bedrock boreholes available for measurement at 
Little Compton, a commonly observed field value for 
hydraulic gradient of 10-2 will be assumed (Freeze and 
Cherry, 1979). Using these values and the porosity of 7.9J 
in equation 7, an average linear velocity of 4 m/year or 13 
ft/year is computed. Realizing this is only a very rough 
estimate, it is at least a sufficient rate to .have carr~ed 
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the leading boundary of pollution to the location of VES 4 
in only 14 years. 
The groundwater flow system at Little Compton is 
complicated by the site• s location on a topographic divide .. 
More than one direction of groundwater flow may occur even 
in the bedrock aquifer, making an estimation of average 
linear velocity difficult to apply. It may be that water in 
the subsurface flows away in all directions causing the 
bedrock pollution to surround the site.. Since sou.ndiDgs 
could not be performed away from the site to the east, 
south, and west because of physical obstructions, it cannot 
be determined if pollution has spread as far in those 
directions as it has to the north. If by chance tie 
pollution has spread farther towards VES 4 than in any other 
I 
direction, it may have resulted from either the fracture 
orientation favoring hydraulic conductivity in that 
direction or mechanical dispersion operating faster than 
advection in that direction. Despite the complications 
involved in applying the groundwater fl9v equation. VES 
curve interpretation has not only ~uccessfully detected 
pollution in a bedrock aquifer in an area that otherwise may 
have been presumed to be unpolluted, but also 
facilitated the quantitative description 0£ the degree of 
po.11 ution .. 
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AB Rectangle Mapping 
Instrumentation and measurement locations 
The same instrumentation described for vertical 
electrical soundings was used to perform AB rectangle 
mapping,. Each rectangle at Little Compton vas 20ft (6m) 
square containing a grid pattern of 25 measuring points. 
Four AB rectangles were made at the Little Compton site at 
the locations shown in figure 17. One (ABR 1) vas centered 
at VES 5 with an AB/2 of 175ft (53m) while another (ABR 2) 
was centered at VES 3 with an AB/2 of 30ft (9m) ,. Two m9re 
(ABR 3 and ABR 4) ifere made near the latter, centered at V.ES 
6 with AB/2 values of 45ft (14111~ and 60ft (18mj. Contour 
maps of the normalized residual resistivities are presented 
in figures 18-21 for ABB 1-4, respectively. The measured 
resistivity values and their coordinates in relation to the 
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Discussion of results 
The arrows in figures 12, 14, and 15 indicate where 
each AB rectangle center point falls on its respective VES 
curve. Note that all four center points lie on the 
right-hand rising portion of the curves assuring that each 
rectangle is penetrating at least some thickness of bedrock. 
Note also that ABR 1 is the only rectangle located over 
unpo1luted til1. The ~hickness of polluted bedrock 
penetrated by this rectangle is much greater than the 
thickness penetxated by the other three rectangles sillce the 
AB/2 value is much larger~ Judging from the interpretation 
of VES 5, apparent resistivity is being measured by ABB 1 
through a thickness of aore than 175ft (53m) of which only 
15ft (4.6m) is till. Therefore, the values o:f apparent 
resistivity can be interpreted as being almost exclusively 
contributed by the bedxock. conversely, the other three AB 
rectangles are located over polluted till which •eans that 
their interpretations of bedrock pollution may be influenced 
by the same masking effect that plagues the YES 
interpretations in polluted til.l.. 
Recall that the contour values in figures 18-21 do not 
represent actual apparent resistivities, but rather 
variations of measured resistivity values from expected, 
theoretically derived values,. The expected value at any 
grid point is a median value predicted by the trace of the 
corresponding theoretical 
contour values are above 





curve. Thus, some of the 
predicted median {positive 
below the predicted median 
(negative values). The sign of the contours has also been 
affected by the normalizing o:f each grid point value to give 
the center point a value of zero variation. There:fore, the 
contour values are relative not only to predicted medians. 
but also to the center point value. 
Having reduced the AB rectangle measurements to 
contours of points vith equal. value, ~nterpretations 9f 
bedrock pollution can be made froJa the the maps,. The areas 
of ABB 1 in figure 18 vith negative values to the vest and 
to the southeast probably represent a local zone of 
fractures, or perhaps one particularly vide fracture, filled 
with low-resistivity po.ll.uted groundwater,. Just vest of the 
center is an area with positive values indicating relatively 
solid rock. The northeast¥ard elongation of these areas 
serves to substantiate the interpretation since 
of fracture~ in o.utcrops is also northeastward. 
confirm the interpretation Mould be to drill test 
the strike 
One way to 
holes at 
the locations of the most positive and most negative values 
on the map. If the hole in the area of negative values 
yielded water while the other hole yielded little or no 
water, the AB rectangle method could likely be used to 
locate other wells for monitoring pollution movement in the 
bedrock aquifer. gith further research the method could 
prove to be an ac~urate technique for locating a bedrock 
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vell where it will intercept an optimum number of 
water-bearing fractures, even in unpolluted fractured 
The results of ABB 2, 3, and 4 are less convincing than 
the results of ABB 1 because the thickness of bedrock 
relative to the thickness of till through which appa~ent 
resistivity was measured is much less- Also, 
interpretations of the corresponding VES curves sho~ that 
the till has a muc~ lower resistivity than the polluted 
bedrock which may adversely affect the interpretation of map 
anomalies as fracture patterns in the bedrock.. Since the 
center points of ABR 2, 3, and 4 were nearly coincident and 
only the orientations of the rectangles and their depths of 
measurement are different, the rectangle maps can .be 
compared to each other once oriented and overlapped as in 
figures 19-21.. It can be seen that the areas of positive 
and negative values coincide from one map to another. The 
continuity between 11aps could indicate either the 
continuation of fractures with depth OL the overriding 
effects of lateral variations of resistivity in the polluted 
-
till which are masking any variations in the bedroFk- Since 
the northeastward trend of the contours in these three maps 
is more subtle than in• the map for ABB 1, it may be that the 
contour pattern is being established by the till layer and 
nQt by the .bedrock. The fact that the contour interval is 5 
units for these maps compared to 100 units for the ABR 1 map 
tends to support t.his interpretation. However, with only 
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these measurements available. it is difficult to accurately 
assess the effectiveness of AB rectangle mapping for 
detecting bedrock pollution below polluted overburden. Once 
again. further research is necessary. 
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SUMMARY 
1. A 15ft (4.6m) thickness of jointed till is transmitting 
salt-polluted runoff into £ractured crystalli.Jie bedrock 
at the Little Compton site.. Two geoelectrica.lly 
distinct layers have been interpreted within the till 
below the water tab.le and are thought to be caused by a 
difference in the sa.linity of the groundwater rather 
than by a difference in the lithology,. 
2. Although the bedrock beneath the Litt.le Compton site vas 
originally mapped as Bulgarmarsh Granite, bedrock 
b9reholes in the vicinity indicate the bed.rock is 
actually mica-chlorite schist. Several joint sets 
observable in outcrops make the bedrock an effective 
conductor of groundwater-
3. In an area of unpo.l.luted till, polluted bedrock has been 
interpreted from two vertical electrical soundings as a 
discrete layeJ:. The VES curve interpretations indicate 
that polluted groundwater has travelled faster through 
the bedrock fractures than through the overlying till. 
Additionally, the pollution is penetrating deeper i~to 
the bedrock and becoming more dilute as it move~ farther 
from the source. 
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4. The principle of suppression expiains why the poiluted 
bedrock layer Mas uninterpretable from vertical 
electrical soundings in areas of polluted till. If the 
surficial layers have bulk resistivites much lover than 
the bulk resisitvity 0£ the polluted bedrock, the 
bedrock pollution iikely will not be detectable. 
5. While the horizontal profiling and AB rectangle mapping 
measurements in polluted till did not provide conclusive 
evidence of bedrock pollution, an AB rectangle ~ap over 
unpolluted till apparently shovs the pattern of 
pollution-filled fractures- AB rectangle mapping is a 
promising method for placing bedrock monitoring wells 
and deserves further research. 
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APPENDIX A~ Fortran Program for Computing K-fact9rs 
100 10 FORMAT(' A PROGRAM TO CALCULATE THE GEOMETRIC') 
110 20 FORMAT(• FACTOR (K) .FOB AB BECTANGL.E MAPPING1~) 
120 30 FORHAT(1 0VALUES MUST BE ENTERED I.N FORMAT 00.0 1 ) 
130 40 FORHAT(1 0.ENT.ER AB/2 VALU.E') 
140 50 FORHAT(FS.1) 
150 60 FORMAT(1 0ENTER MN VALOR') 
160 70 FOBMAT(F4.1) 
170 80 FORHAT(1 0ENTER LATERAL DISP .. (X): 99-0 TO STOP') 
180 90 FORMAT (1 OENTER DIS.I?.. TOWARDS A OR B (Y) 11 ) 
190 100 FOBHAT(1 0K='210.2) 
200 110 FORMAT(1 0ENTER 1 TO CHANGE AB/2 AHD MN') 
210 120 FORMAT(Il) 
220 REAL AM, BM, AN, BN, K, Z, MN, X, Y 




210 130 WR.ITE(6.40) 
280 READ(S,50) Z 
290 "NOTE: Z=AB/2 
300 WBITE(6.60) 
310 READ{S,70) MN 
320 140 WRITE(6,80) 
330 READ(S,70) X 
340 IF(X .. EQ.99.0) GOTO 150 
350 WRITE(6.90) 
360 READ(S,70) Y 
370 AM= ( (Z+X-M.N/2) **2+Y**2) ** (- .• 5) 
380 BM= ( (Z-X+MH/2) **2+Y**2) ** (-- 5) 
390 AN= ( (Z+X + M.N/2) **2+ Y**2) ** (- .. 5) 
400 BN= ( (Z--X-MB/2) **2+Y**2) ** (- .. 5) 
410 K=6.283/(AM-BM-A.N+BN) 
420 iBITE(6,100) K 
430 GOTO 140 
440 150 iRITE(6.110) 
450 B.EAD(S,120) Q 




APPENDIX B. Hori:zontal Profiling Field Data 
Table 2. Field Data for lil to E Horizontal Profile Line 
Station A-Spacing I V • Ba 
(ft) (m) (ma) (mv) {ohm-ft) (ohm-m) 
A 50 15 .. 2 83 31 .. 5 119.2 36,.3 
B so 15.2 29 15. 8 171 .. 2 52,.2 
C 50. 15 .. ~ 100 64 .. 7 203 .. 3 62,. 0 
D 75 22,.9 210 143,. 5 321.. 8 98- 1 
E 50 15.2 180 144 .. 8 252- 7 77 .. 0 
F 75 22 .. 9 165 83.0 236.9. 72.2 
G 50 15 .. 2 42 24 .. 2 181,. 0 55 .. 2 
H 50 15.2 i110 75.65 216,.1 65 .. 9 
I 15 22,.9 140 75,.0 252,. 1' 16 .. 9 
J so 15.2 200 39 .. 15 61 .. 5 18~ 7 
K so 15. 2 140 40 .. 6 9t. 1 27 .. 8 
Table 3,. Fiel.d Data for N to s Horizontal Profile Line 
Station A-Spacing I V Ba 
(ftl (m) (Ila) (lllV) (ohm-ft) (ohm-m) 
A 50 15.2 31 141.5 1201 .. 4 366 .. 2 
B 75 22 .. 9 31 56 .. 1 714, .. 5 217 .. 8 
C 50 15.2 31 33.35 338 .. 0 103 .. 0 
D 50 15.2 42 25.45 190,.4 58 .. 0 
E 75 22.9 39 .. 5 11,. 55 137 .. 8 42 .. 0 
F 50 15.2 220 58,.0 82.8 25.2 
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APPENDIX C. Vertical Electricai Sounding Field Data 
Table 4 .. Field Data for VES 1 ( 4/1/83) 
AB/2 MH I V Ra 
(ft) (m) (ft) (m) (ma) (mv) (ohm-ft) (ohm-m) 
2 .. 5 0 .. 8 1 0.3 149 52.5 6,.6 2.1 
4 1-~ 1 0 .. 3 149 26,.0 8,.6 2.6 
6 1. 8 1 0.3 148 13 .• 5 10 .. 2 3. 1 
8 2 .. 4 1 0 ... 3 148 8,.5 11 .. 5 3 .. 5 
10 3.0 1 0.3 148 5 .• 8 12.3 3 .. 8 
15 4. 6 1 0,.3 147 2,.4 11,. 5 J .. 5 
25 7.6 1 0 .. 3 147 0 .. 8 10.7 3 .. 3 
25 7.6 4 1 .. 2 147 3,.5 11.. 6 3,.5 
40 12.2 4 1 ... 2 130 1.55 14 .. 9 4.5 
65 19 .. 8 4 1.2 140 0, .. 85 20.1 6 .. 1 
65 19.8 8 2.4 138 1 .. 7 · 20.4 6 .. 2 
100 30 .. 5 8 2,. 4 67.5 0 .. 75 43 .. 6 13 .. 3 
125 38 .. 1 8 2.4 74.S 0 .. 65 53.5 16.3 
125 38.1 20 6.1 74. 5 1- 7 55:.. 7 17,. 0 
150 45-7 20 6.1 91.S 1-,. 7 65-4 19. 9 
200 61..0 20 6..1 91,.3 1 ... 25 85 ... 8 26 .. 2 
250 76 .. 2 20 6.1 89 .. 0 0.98 107,. 9 32 .. 9 
--
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Table 5. Eield Data for VES 2 (4/2/83) 
AB/2 MH I V Ba 
(ft) (m) (ft) fm) (11a) (mv) (<;>hm-ft) (ohm-m) 
2 .. 5 0 .. 8 2 0 .. 6 100 5250 433. D 132.0 
5 1- 5 2 0 .. 6 109 1210 41-8 .. 5 127 .. 4 
7. 5 2.3 2 0.6 121 540 387.3 118 .• 0 
10 3 .. 0 2 o. 6 125 290 360,. 8 110,. 0 
15 4,.6 2 0.6 116 111 336 .. 1 102 .. 7 
20 6.1 2 o. 6 118 55 292 .. 1 89-0 
.30 9 .. 1 2 0.6 118 21 251 .. 3 76.5 
40 12,. 2 2 0,.;6 105 11 263.1 80 .. 2 
50 15. 2 2 0 .. 6 108 8 290,. 8 88. 7 
70 21.3 2 0,.6 105 4 .. 9 359,.1 109,. 4 
100 30 .. 5 2 o .. 6 118 3 .. 5 465 .. 9 142 ... 0 
100 30 .. 5 4 1 .. 2 118 7.2 479.0 146 .. 0 
150 45 .. 7 4 1 .. 2 138 5,. 1 653 .. 0 199,..0 
200 61 .. 0 4 1.2 140 3.7 830 .. 2 253.0 
Table 6. Field Data for VES 3 (4/15/83) 
AB/2 MN I V Ha 
(ft) (m) (ft) (m) (ma) (mv) (ohm-ft) (ohm-m) 
2 .. 5 o. 8 1 0,.3 141 185 24 .. 7 7 .. 5 
3 o .. 9 1 Q,. 3 140 120 23-6 7 .. 2 
4 1. 2 1 0 .. 3 142 65 22 .. 7 6 .. 9 
5 1 .• 5 1 0.3 140 41 22 .. 8 6,. 9 
6 1 .. 8 1 0-3 140 28 22-5 6.9 
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Table 6. (continued) 
AB/2 MN I V Ra 
(ft) (ll) (ft) (m) (ma) (mv) . (ohm~.ft) ( ohm-JD) 
7.5 2.3 1 0 .. 3 141 18 22 .. 5 6.9 
10 3. 0 1 0 .. 3 142 9 19.9 6. 1 
12. 5 3-8 1 0.3 145 5,. 0 16-9 5.2 
15 4.6 1 0.3 146 3_9 18. 9 5.8 
20 6 .. 1 1 0 .. 3 148 2 .. 5 21.2 6,.5 
25 7 .. 6 1 0 .. 3 142 1.65 22.8 6 .. 9 
25 7 .. 6 2 o .. 6 144 3 .• 3 22,.5 6 .. 9 
30 9.1 2 0 .. 6 143 2.45 24.2 7.4 
40 12.2 2 0.6 141 1.70 30,.3 • 9 .. 2 
50 15,. 2 2 o. 6 135 1-2 34 .. 9 10,. 6 
50 . 15-2 4 1 .. 2 132 3 .. 6 53 .. 5 16.3 
60 18 .. 3 4 1-2 138 3 .. 0 61 .. 4 18,. 7 
15 22.9 ·4 1.2 135 2,.4 78 .. 5 23 .. 9 
Table 7,. Field Data for VES 4 (4/22/83) 
AB/2 MN I V Ba 
(ft) (m) (ft) (m) (ma) (11v) {oh11-ft) (ohm-m) 
2 ... 5 0 .. 8 1 0,. 3 96 10500 2061.7 628 .. 4 
3 0 ... 9 1 O .. J 98 8000 2244 .. 0 684~0 
4 1 .. 2 1 0.3 95 5100 2656,.3 809,. 6 
5 1-5 1 0 .. 3 87 3200 2859 .. 9 871,. 7 
6 1 .. 8 1 0 .. 3 89 2500 3154,. 8 961.6 
8 2 .. 4 1 0.3 90 1550 3449 ... 2 1051.3 
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Table 7. (continued) 
AB/2 MN' I V .Ra 
(ft) (m) (ft) (m) (ma) (mv) (oh.m.-ft) (ohm-ia) 
10 3.0 1 0-3 88 1050 3739 .• 1 1139 .. 7 
12.5 3 .. 8 1 0.3 96 760 3879,. 9 1182 ... 6 
15 4 .. 6 1 0 .. 3 92 520 3990.9 1216.4 
20 6 .. 1 1 0 .. 3 85 260 3841..4 1170 .. 9 
25 7~6 1 0.3 88 160 3568,. 6 1087.7 
30 9. 1 1 0-3 92 .• 5 120 366i7 .. 0 1117 .. 7 
32 9 .. 8 1 0 .. 3 84 85 3254.5 992.0 
40 12 .• 2 1 0-3 87 52 3003.9 9154.6 
50 15.2 1 0 .. 3 92 32.5 2774,. 2 845 .. 6 
60 18.3 1 0 ... 3 98 22.. 5 2596 .. 4 791.. 4 
80 24 .. 4 1 0 .. 3 82 10 .. 08 2471, .. 5 753_3 
100 30 .. 5 1 0-3 82 6,.2 2315 .. 3 724 ... 0 
125 38 .. 1 1 0 .. 3 82 4 .• 0 2394 .• 5 729 .. 8 
125 38 .. 1 4 1..~ 83 15 .• 8 2335 .. 5 711 .. 9 
150 45. 7 4 1..2 19 9 .• 8 2191 .. 8 668. 1 
200 61 .. 0 4 1 .. i 51 2.6 1601 .. 4 488 .• 1 
225 68..6 4 1 .. 2 69 4 2304.8 702,. 5 
250 76 .. 2 4 1. 2 79 4 2485 .. 3 757_5 
275 83.8 4 1.. 2 95 4 2500- 7 762-2 
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Table 8 .. Field Data for VES 5 (4/22/83) 
AB/2 MB I V B.a 
(ft) (JD) (ft) (lll) (ma) (mv) (ohm-ft) {oh.111-m) 
2 .. 5 0 .. 8 1 o .. 3 99 8200 1561.3 475..9 
3 0 .. 9 1 0 .. 3 98 6100 1711 .. 1 521 .. 5 
4 1 .. 2 1 O .. J 95 3850 2005.3 611 .. 2 
5 1.5 1 0.3 98 2900 2300.9 701 ... 3 
6 1 .. 8 1 O.J 92 2050 2502-6 762 .. 8 
8 2.4 1 0 .. 3 96 1300 2712 .. 1 826 .. 6 
10 3 .. 0 1 0.3 100 940 2945. 7 897 .. 8 
12.5 3.8 1 0.3 100 610 2989 .. 5 911 .. 2 
15 4,.6 1 0 .. 3 100 420 2965 .. 5 903 .. 9 
20 6 .. 1 1 0.3 100 235 2951 .. 3 899-6 
25 7.6 1 0.3 85 125 2886.3 879 .. 7 
30 9.1 1 0.3 98 95 2740 .. 1 835,. 2 
40 12.2 1 0 .. 3 86 40 2337.6 712.5 
50 15 .. 2 1 0 .. 3 89 24 2117 .. 7 645,. 5 
60 18 .. 3 1 0-3 92 16 1966 .. 8 599 .. 5 
80 24.4 1 0.3 87 7 .. 8 1802 .. 6 549.4 
90 27.4 1 0 .. 3 78 5.15 1680 .. 1 512,. 1 
100 30 .. 5 1 o .. 3 92 4 .. 8 1639 .. 1 499 .. 6 
125 38-1 1. . 0.3 85 2 .. 6 1501. 5 457 .. 7 
125 38.1 4· 1 .. 2 85 10-1 1457 .. 8 444 .. 3 
150 45_ 7 1 0,.3 81 1- 7 1483,.5 452 .. 2 
1-50 45 .. 7 4 1.. 2 81 7.0 1526,. 9 465 .. 4 
175 53.3 4 1.2 83 5-4 1564. 7 476.9 
200 61 .. 0 1 o .. 3 92 1. 15 1570-8 478.8 
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Ta.hle a,. (continued) 
AB/2 MN I V a 
(ft) (m) (ft) (m) (ma) (mV') {ohm-ft) {ohm-m) 
200 61.0 4 1 .. 2 92 4 .. 75 1621,. 9 494~, 4 
... 
2~0 76.2 4 1 .. 2 91 3 .. 6 1941.8 591 .. 9 
275 83,.8 4 1 .. 2 122 4 .. 4 2142 .. 0 652~- 9 
Table 9. Field Data for VES 6 (4/23/83) 
AB/2 MN I V Ra 
(ft) (m) (ft) (m) {ma) (mv) (ohm-ft) (ohm-m) 
2.5 0 .. 8 1 0.3 160 245 28 .. 9 8 ... 8 
3 0,o9 1 o .. 3 160 165 28,.4 8. 7 
3 .. 5 1 .. 1 1 0 .. 3 152 119 29 .. 5 9 .. 9 
4 1., 2 1 0 .. 3 152 87 28 .. 3 8 .. 6 
5 1. 5 1 0,.3 160 59 28 .. 7 8 ... 7 
6 1 .. 8 1 0.3 158 41 29 .. 1 a .. 9 
7 2 .. 1 1 . 0.3 157 29,.5 28 ... 8 8 .. 8 
8 2.4 1 0 .. 3 158 21. 5 21.3 8,.3 
10 3.0 1 0.3 160 13 25 .. 5 7 .. 8 
12. 5 3 .. 8 1 0,.3 159 7.7 23- 7 7 .. 2 
15 4 .. 6 1 0,.3 160 5 .. 2 23 .• o 7 .. 0 
17 .. 5 5 .. 3 1 0 .. 3 160 3 .. 95 23 .. 1 7 .. 2 
20 6 ... 1 1 0 .. 3 160 3 .. 15 24 .. 7 7 .. 5 
20 6 .. 1 4 1-2 160 13 .. 5 26 .. 2 8,. 0 
25 7 ... 6 1 0 .. 3 160 2 .. 05 25 .. 2 7.:.. 7 
25 7 .. 6 4 1 .. 2 160 8 .. 85 27~. 0 8 .. 2 
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Table 9,. (continued) 
AB/2 MB I V Ra 
(ft) (ml (ft) (m) (ma) (.mv) (ohm-£t) (ohm-m) 
30 9 .. 1 4 1 .. 2 160 6-9 30-4 9 .. 3 
40 12-2 4 1.2 154 4.4 35, .. 8 10,. 9 
45 13. 7 4 1.. 2 140 3 .. 40 38-6 11 ... 8 
50 15.2 4 1.2 115 2.3 39 .. 2 11,. 9 
60 18-J 4 1-2 132 2 .. 1 44 .. 9 13,. 7 
70 21-3 4 t .. 2 112 1 .. 5 51.5 15. 7 
75 22-9 4 1~ 2 120 1,.55 51-0 17 .. 4 
80 .24,.4 ij 1. 2 112 1 .. 4 62:.8 19 .. 1 
90 27,.4 4 1.2 75 0,.85 72 .. 1 22 .. 0 
100 30.5 4 1 .. 2 111 1.17 82.8 25.. 2 
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APPENDIX D. AB Rectangle Mapping Field Data 
Table 10,. Field Data for ABR 1 (4/22/83) 
AB/2 = 175ft (53,. 34m) 
0,0 is ABB center and positive X is towards B in figure 18 .. 
coordinates MN I V Ba 
X (ft) Y(ft) (ft) (m) (ma) (lllV) (ohm-ft) (ohm-111) 
-10 10 4 1. 2 82 5.0 1459. 4 444 .. 8 
-5 10 4 1- 2 82 5, .. 8 1705,. 3 519 .. 8 
0 10 4 1.2 82 5.2 1532-6 567., 1 
5 10 4 1..2 ai 5 .. 5 16 17,. 1 492 .. 9 
10 10 4 1..2 82 5-6 1634,"'5 498.2 
-10 5 4 1.2 82 4.5 1308.5 398 .. 8 
-5 5 4 1 .. 2 82 5 .. 8 1699 .. 0 517 .. 9 
0 5 4 1 .. 2 82 6 .. 1 1791. .. 2 546 .. 0 
5 5 4 1,.2 82 5,.3 1552 .. 5 473 .. 2 
10 5 4 1-2 82 5_3 154 t. 1 469 .. 7 
-10 0 4 1.2 85 4,. 7 1316 .. 8 401 .. 4 
-5 0 4 1 .. 2 80 6 .. 25 1874 .. 3 571.3 
0 0 4 1. 2 83 5 .. 4 1564. 7 476 .. 9 
5 0 4 1,.2 80 4.4 1319 .. 5 402 .. 2 
10 0 4 1 .. 2 85 5...3 1484-9 452 .. 6 
-10 -s 4 1.2 83 5.5 1580 .. 0 481 .. 6 
-5 -5 4 1.. 2 82 5 .. 5 1611 .. 1 491 .. 1 
0 -5 4 1 .. 2 83 4 .. 8 1392 .• 5 424 .. 4 
5 -5 4 1. 2 82 4-8 1406- 1 428 .. 6 
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Table 10,. (continued) 
Coordinates .MN I V Ra 
I {ft) Y(£t) (£t) (m) (ma) (111.V) (ohm-ft) (ohm-m) 
10 -5 4 1.2 82 4.8 1395.8 425.4 
-10 -10 4 1 .. 2 83 5 .. 5 1586.1 483 .. 4 
-5 -10 4 1 .. 2 82 5.5 1617.1 492 .. 9 
0 -10 4 1- 2 83 4,.4 1281 .. 2 390 .. 5 
5 -10 4 t.2 82 4.5 1323 .. 1 403.3 
10 -10 4 1 .. 2 82 5 .. 0 1459 ... 4 444 .. 8 
Table 11. Field Data for ABB 2 (4/15/83) 
AB/2·= 30ft (9 .. 1m) 
o.o is ABB center and positive X is to¥ards B in figure 19 .. 
Coordinates MN .I V .Ra 
X (ft) y (.ft) (ft) (m) (ma) (mv) (ohm-ft) {ohm-m) 
-10 10 2 0 .. 6 145 2,. 9 26 ... 6 8 .. 1 
-5 10 2 0 .. 6 145 1 .. 8 19.4 5. 9 
0 10 2 0,. 6 145 2 .. 2 25-1 7.7 
5 10 2 0 .. 6 143 2,.1 29, .. 5 9,. 0 
10 10 2 o .. 6 145 3 .• 0 27 .. 5 8.4 
-10 5 2 0.6 145 4 .. 2 31.4 9-6 
-5 5 2 0,.6 145 2 .. 7 25.4 1,.1 
0 5 2 o .. 6 145 2.6 26.4 a .. o 
5 5 2 0 .. 6 145 3,.3 31 .. 0 9,.4 
10 5 2 0.6 145 2 .• 5 18,. 7 s .. 7 
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Table 11.. (continued) 
Coordil;lates MN I V Ra 
X (ft) Y(ft) (ft) {m) (ma) (mv) {ohm-ft) (ohm-m) 
-10 0 2 o .. 6 145 4,. 6 31 .. 8 9,. 7 
-5 0 2 0.6 146 3,.3 29 .. 3 8-9 
0 0 2 0.6 145 2. 9 28 .. 0 8.5 
5 0 2 0.6 145 3 .. 7 33-1 1 o,. 1 
10 0 2 0 .. 6 145 3.3 22 .. 8 6.9 
-10 -5 2 o .. 6 145 3 .. 85 28.8 8 .• 8 
-5 -5 2 0 .. 6 148 4.6 42 .. 4 12 .. 9 
0 -5 2 0.6 145 4 .• 6 46,. 7 14.2 
5 -5 2 0 .. 6 143 2 .• 1 25,.8 7-,.9 
10 -5 2 o .. 6 145 2 .. 8 20 .. 9 6.4 
-10 -10 2 0 .. 6 145 2 .. 6 23.9 1:.3 
-s -10 2 0.6 145 3,. 7 39 .. 9 12 .. 2 
0 -10 2 0 .. 6 145 3-8 43 .. 4 13.2 
5 -10 2 0 .. 6 145 2 .. 2 23 .. 1 1 ... 2 
10 -10 2 0 .. 6 143 2 .. 3 21 .. 4 6 .. 5 
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Table 12 .. Field Data for ABB 3 (4/23/83) 
AB/2 = 45ft ( 13. 7m) 
0,0 is ABB center and positive X is towards B in figure 20 .. 
Coordinates MN I V Ra 
X(ft) Y(ft) (ft) (m) (lDa) (mv) (ohm-ft) (ohm-m) 
-10 10 4 1 .. 2 140 3 .. 4 36.6 11 .. 2 
-5 10 4 1 .. 2 140 4.2 49.6 15.1 
0 10 4 1,. 2 140 2-3 28 .. 0 8,.5 
5 10 4 1 .. 2 140 2 .. 22 26 .. 2 8.0 
10 10 4 1,.2 140 2 .. 15 23.1 7.0 
-10 5 4 1-2 140 4 .. 9 49-0 14, .. 9 
-5 5 4 1..2 140 4 .. 2 46 .. 8 14 .. 3 
0 5 4 1.2 140 2.55 29 .. 5 9.0 
5 5 4 1 .. 2 140 2.. 35 26 .. 2 8.0 
10 5 4 1 .. 2 140 2.35 23 .. 5 1.2 
-10 0 4 1 .. 2 140 5,.4 52.. 7 16 .. 1 
-5 0 4 1.2 140 4 .. 7 51 .. 3 15 .. 6 
0 0 4 1..2 140 3.4 38 .• 6 1.1,. 8 
5 0 4 1-2 140 2,.6 28 .. 4 8 .. 7 
10 0 4 1 .. 2 140 2.6 25.4 7.7 
-10 -5 4 1 .. 2 140 6 .. 7 67 .. 0 20 .. 4 
-5 -5 4 1 .. 2 140 4,. 4 49 •. 0 14,.9 
0 -5 4 1,.2 140 3 .. 0 34 .. 7 10.6 
5 -5 4 t .. 2 140 3.~ 1 34 .. 6 10 .. 5 
10 -5 4 1 ... 2 140 ,2 .. 55 25-5 7-8 
-10 -10 2 0.6 140 2 .. 4 51- 7. 15 .. 8 
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Coordinates MN I V Ra 
X (ft) Y(~t) {ft) {m) (ma) ( lll V) (ohm-ft) (ohm-111) 
-5 -10 2 o .. 6 140 2.2 52 .• 1 15,. 9 
0 -10 4 1.2 140 2.15 26 .. 2 8.0 
5 -10 4 1,.2 140 2 .• 1 a 25.8 7 .. 9 
10 -10 4 1..2 140 2.65 28.5 s .. 7 
Table 1.),. Field Data for ABB 4 {4/23/83) 
AB/2 = 60ft (18 .. 3m) 
o,o is ABB center and positive X is towards B in figure 21,. 
coordinates MN I V Ra 
X (ft) Y(ft) (ft) Jm) (ma) {mv) {ohm-ft) (oha-111) 
-10 10 4 1.2 130 2 .• 0 42.0 12.8 
-5 10 4 1,.2 130 2.55 56- 7 17 ... 3 
0 10 4 1 .. 2 130 1. 48 33.5 10 .. 1 
5 10 4 1.2 130 1.37 30,.4 9 ... 3 
10 10 4 1,. 2 130 1 .. 2 25 .. 2 7. 7 
-10 5 4 1.2 130 2.75 55 •. 6 16. 9 
-5 5 4 1 .. 2 130 2,.5 53-8 16.4 
0 5 4 1:. 2 130 1.. 55 34-0 10-4 
5 5 4 1. 2 130 1.35 29.0 8. 8 
10 5 4 1.2 130 1..28 25.9 7 .. 9 
-10 0 4 1.2 130 3 .. 0 59. 9 18 .. 3 
-5 0 4 1 .. 2 130 2 .. 85 60 .. 6 18.5 
0 0 4 1.2 130 2 .. 08 45.2 13 .. 8 
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Table 13. (continued) 
Coordinates MH I V Ba 
X(ft) Y(ft) (ft) (m) (Ila) {mv) (ohm-ft) (ohm-m) 
5 0 4 li.2 ~30 1.5 31,. 9 9.7 
10 0 4 1 .. 2 130 1.. 4 28~. 0 8,. 5 
-10 -5 4 1.2 130 3.9 78 .. 9 24 .. 0 
-5 -5 4 1. ~ 130 2.65 5 7.,. 0 17.4 
0 -5 4 1.2 130 1.. 65 36,.2 11.. 0 
5 -5 4 1.2 130 2 .. 5 53.8 16,. 4 
10 -5 4 1.2 130 1.45 29 .. 3 8.9 
-10 -10 2 o,. 6 130 1.. 35 56 .. 7 17.3 
-5 -10 2 0 .. 6 130 1.42 63 .. 1 19,.2 
0 -10 4 1,.2 130 1. 4 31 .. 7 9u 1 
5 -10 4 1. 2 130 1 .. 4 31. 1 9 .. 5 
10 -10 4 1 .. 2 130 1..55 32 .. 5 9,. 9 
